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ABSTRACT

’

This program has demonstrated intense 1.54 pm PL emission from Er-implanted porous
silicon up to temperatures as high as 475K. Intensity of Er emission was about 8% of the PL
intensity of a highly doped, lattice-matched, device-quality In, ;;Ga, ,As grown on InP. Samples
were produced by implantation of Er at 190 to 400 keV using a commercial implanter operating
at 200 keV. A reduction in 1.54 um PL intensity of less than a factor of two from Er:porous Si
over 9 to 300K temperature range was observed which is consistent with Er in wide bandgap
materials. The full width at half maximum of the 1.54 um PL peak is 34 cm™ at 15K. The
observed large broadening of the 1.54 um PL emission in Er:porous Si, compared with that
reported for crystalline Si, 8 cm™, indicates that the Er’* ions occupy a range of sites in porous Si,
and that the emission spectrum is inhomogeneously broadened. This result is consistent with the
possible differences in the local environment (crystal field) of Er’* ions due to different crystallite
sizes in the porous layer.

There is a strong correlation between the visible PL emission from porous Si host and the
1.54 pm PL emission from Er’* in porous Si. Porous Si samples that exhibited a visible PL
spectrum with peak near 750 nm before or after Er implantation resulted in the strongest 1.54 pm
PL emission. Photoluminescence excitation (PLE) studies on the near infrared and visible PL
peaks show nearly identical PLE spectra. These results provide the first direct experimental
evidence that the near IR PL emission in Er:porous Si and the visible PL emission have the same
origin of excitation suggesting that Er'" ions are confined in Si nanocrystallites of porous Si.
Measurements of 1.54 um PL peak intensity as a function of excitation laser power density show
a square root relationship, consistent with the results reported in the literature for other Er-doped
host materials. Temperature-dependent PL decay measurements of Er-implanted porous Si
samples show a non-exponential PL decay at temperatures ranging from 10 to 375K. This non-
exponential PL decay is a result of superposition of a fast and a slow decay components. At
10K, the slow decay component is 1.37 ms and the fast component is 145 ps.

PL data presented in this work clearly indicates that porous Si is an excellent host for
strong 1.54 pm emission from Er’". To determine feasibility of porous Si as a substrate for Si-
based IR emitting devices we have fabricated impact excited and injection luminescence devices.
However, despite of our enormous experimental effort, the fabrication of efficient 1.54 um
Er:porous Si LED was hampered by lack of reproducibility and uniformity of porous Si
substrates. The absence of reproducibility and nonuniformity of porous Si originates from the
randomness of the porous Si etching process. In order to make porous Si device-worthy, one
must first develop a process to fabricate porous Si reproducibly and uniformly. It should be
noted that physical confinement or isolation of nanocrystalline Si in porous Si, which facilitates
strong IR PL emission results in a weak EL emission, because of poor electrical conductivity of
porous Si and difficulty to make good electrical contacts.
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1 INTRODUCTION

In recent years attention has been focused on the development of new materials which
would improve the speed and efficiency of optical information transfer in computer and
communication systems. Through the rapid progress of integrated circuit technology, silicon is
widely recognized as a leading semiconductor material. Unfortunately, its indirect bandgap has
prevented its use for photonics. Extensive efforts are in progress to incorporate compound
semiconductor light-emitting diodes (LEDs) and laser diode technologies into silicon very large
scale integration (VLSI) processes by heteroepitaxial growth. However, the most promising
III-V light-emitting compounds are not easily processed on Si substrates due to lattice and
thermal expansion mismatches. Incompatibility problems generally degrade the performance of
IT1I-V compound LEDs grown on silicon. An alternate approach involves mounting III-V-based
devices onto Si wafers, but this is costly, time-consuming, and labor-intensive. If a process
could be developed to allow efficient light emission directly from silicon, Si-based
optoelectronic devices could be used as an essential component in optical interconnects for the
next generation of high-speed computers and low-cost information transfer/display systems.

1.1 Porous Silicon Visible LEDs

During the past several years, strong room-temperature' visible light emission from
anodically-etched porous silicon has been demonstrated. Electroluminescence (EL) from porous
Si devices based on p-n junction or Schottky contacts has also been shown by a number of
groups.” However, the quantum efficiency of present devices has been compromised because
the contacting areas between wide-bandgap materials (p-n devices) or metal contacts (Schottky)
and porous Si are only a very small portion’ of the total porous Si surface (Figures 1 and 2a).
Sputtering or e-beam evaporation techniques, used for LED fabrication, provide contact only to
the tip of the pores (see Figures 1 and 2); therefore, most of the surface of the light-emitting
porous Si region is inactive in EL. Use of transparent conducting polymers, in principle, may
result in an enhancement in EL efficiency. However, at the present time, these devices suffer
from a lack of stability. A process which could result in conformal coverage (Figure 2b) of a
transparent, conductive wide bandgap material® into porous Si might enhance the quantum
efficiency to the impressive efficiency levels observed from porous Si with a liquid junction.” For
example, atomic layer epitaxy (ALE) growth of GaN (side-wall epitaxy),® or electroplating of a
transparent conducting oxide could increase the contact area, resulting in an enhancement of EL
efficiency.

Another phenomenon which influences the external quantum efficiency of light-emitting
devices (including porous Si) is self-absorption, which is not well understood in porous silicon.
Since Si is transparent to wavelengths longer than 1.1 um, the self-absorption or reduction of
external quantum efficiency will not be a problem if porous Si is used as a medium for rare-earth
elements or as a light source for infrared (IR) emission at wavelengths longer than 1.1 pm. In
that case, restrictions on the thickness and optical properties of the contact material to the porous
region would be relaxed, and IR could exit from either side of the wafer. In particular, if the
visible light from porous Si is used to pump embedded erbium, the absorption would not be a
problem.




Figure 1

A cross-sectional transmission electron microscopic image of a working np-
heterojunction porous Si LED fabricated by sputtering indium-tin-oxide (n-type),
which contacts only the tip of the pores. Note the lattice image of the Si

nanoparticles. The lack of <200> spots in the electron diffraction pattern also
confirms the presence of nanoparticles.”
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Figure 2 Comparison of (a) a contact layer produced by sputtering or evaporation, and
(b) an idealized structure with a conformal contact covering the entire porous Si

surface.

1.2 Erbium in Bulk Si

During the past decade, extensive effort has been focused on the doping of rare-earth
elements into III-V compound semiconductors.”'' Erbium has attracted the most interest because
it exhibits sharp-line luminescence at 1.54 pm, the result of an intra-4f-shell transition
(*I,3,—>152) of Er'*. The 1.54 um emission is important since the absorption loss is minimal at
this wavelength in silica-based optical fibers. A similar transition has been observed in Er-doped
glass,”” which has become the most common method of amplification in optical fiber
communications. Since the 5s- and 5p-shells shield the 4f-shell orbitals of Er’*, the intra-4f-shell
transitions are insensitive to the first-order host lattice effects. The luminescence peak from
erbium is extremely narrow and possesses excellent temperature stability (see Figure 3).

Room-temperature infrared LEDs have been demonstrated by MeV implantation of Er
into single-crystal Si. However, the luminescent efficiency needs to be improved.” Earlier work
has suggested that the solubility of Er in silicon is 1.3 x 10'®/cm?® at 900°C. Precipitates take the
form of platelets of erbium silicide 100 to 300A in diameter and 10A thick. The photo-
luminescence (PL) saturates at an Er concentration of 5 x 10""/cm®, below the apparent solubility
limit." At a Materials Research Society meeting, Kimerling ef al."® reported that the solubility of
Er in Si is even lower than that previously reported. It has been suggested that erbium
concentrations approaching 10%/cm’ are required to obtain high LED intensities at room
temperature.'®
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Figure 3 Transitions between energy levels of isolated Er'* ions (left) are forbidden by
parity selection rules. Splitting of these levels in a crystal field (right) provides
the necessary conditions for optical transitions. Note that the split sublevel
energies are not drawn to scale.

Researchers have applied a variety of methods to increase the solubility or the number of
optically active Er centers in Si. Several papers'”* have indicated that, after introducing oxygen
or other elements, the light emission of Er-implanted silicon is enhanced. Indeed, recently, the
results of Er-implanted silicon measured with extended X-ray absorption fine-structure (EXAFS)
show Er-implanted, Czochralski-grown Si involves a sixfold bonding of the Er to oxygen
impurity atoms and forms an optically-active species.”’ In contrast, Er-implanted, float-zone Si,
which contains far less oxygen, results in a twelvefold bonding of erbium to silicon, forming an
optically-inactive species.”

1.3 Porous Si: A Suitable Host for Er** Luminescence

Our progress in this program indicates that porous silicon is a suitable host for
luminescent Er because:

e Porous Si has a higher bandgap (1.8 to 2.0 €V) than bulk Si (1.1 eV). Based
on the work of Favennec et al.'” (see Figure 4), stronger IR emission and
weaker temperature dependence are expected.

e In contrast to Er in bulk Si, Er in porous Si does not precipitate because
porous Si consists of free-standing, Si nanostructures with distinct physical
boundaries that limit diffusion to a few nanometers (see Figures 1 and 2).

4




e The importance of an erbium-oxygen complex for efficient light emission of
Er in bulk Si has been demonstrated.””® Without coimplantation of oxygen,
Er in porous Si can easily acquire oxygen and form an Er-O complex, because
(1) the surface area of the nanostructures is enormous, and (2) the average
distance between the erbium and surface oxygen is on the order of only a few
nanometers.

e The recovery of damage from implantation into Si nanostructures may occur
at much lower annealing temperatures than in bulk Si. Defects such as
vacancies or interstitials created by Er implantation need only travel a
relatively small distance to reach the free surface (sink) compared to those
produced by MeV implantation into bulk Si in which defects must travel
rather long distances (several hundred/thousand angstroms) to reach the sink.
Annealing at 900°C or higher is used to recrystallize the bulk Si; however, this
high temperature could result in formation of silicides rather than in erbium
with oxygen coordination.

Porous Si (visible) LEDs rely on minority-carrier injection (injection luminescence),
which requires a good junction.”” On the other hand, for Er in porous Si one can provide
pumping by impact excitation (hot electrons), which simplifies device fabrication. Indeed, a
metal contact to a porous silicon LED is equivalent to the metal-insulator-semiconductor contact
that is required for tunneling injection in a hot-electron LED.? The cross-section for exciting Er
by hot electrons is more than four orders of magnitude larger than the optical pumping cross-
sections of erbium.*® Recent work in bulk Si junction LEDs has shown much higher
luminescence efficiency for Er through impact excitation under reverse bias (5.3 V),* compared
to minority-carrier injection under forward bias. Although it appears to be speculative, in
principle the visible (red) emission in porous Si may be used to self-pump (‘I;;, = ‘F,,) Er
within porous Si.

2 OBJECTIVE

The overall goal of this program was to fabricate room-temperature, Si-based IR light-
emitting devices (LEDs). To achieve these objectives a systematic study was carried out in order
to understand the mechanism involved in light emission from Er- and Pr-implanted porous Si and
to optimize the processes for enhanced emission efficiency. Two types of electroluminescent
(EL) devices have been fabricated: those operating based on injection-induced luminescence
(LEDs), and those operating based on impact-excited luminescence.

3 EXPERIMENTAL PROCEDURE

Our experimental work involves two facets: an understanding of the basics of porous Si
to help us fabricate high efficiency devices, and device fabrication.
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Figure 4 Temperature dependence of Er’* emission from various semiconductor hosts."”

3.1  Preparation of Si Wafers

The strength of IR emission in Er:PSi is critically dependent on two factors: (1) substrate
conditions, and (2) processing conditions. Many substrate conditions, from resistivity to wafer
quality, influence emission from Er-implanted porous Si. Therefore, to carry out the program
with maximum efficiency, we obtained various lots of prime quality wafers with resistivity
ranging from 0.1 to 1.2 Q-cm. Although the task of purchasing suitable wafers was time
consuming (since most industries use 6” or 8” wafers and few U.S. manufacturers supply 3” and
4” wafers), we have been able to procure ample wafers to the required specifications.

3.1.1 Aluminum Back Contact

To fabricate uniform porous Si (p-type), a good ohmic contact to the back of the wafer is
necessary. In the past, we typically deposited 2000A of aluminum on the back of the wafer. In
this process the wafer surfaces were first cleaned in a buffered HF dip before e-beam evaporating
an ohmic contact. At the beginning of the program we deposited aluminum on three batches of
eight wafers. In these runs, a contact was made either to the back (unpolished) side of the
wafers, or the front (polished) side. An aluminum thickness ranging from 2015A to 2070A was
measured using Dektak measurements. As an alternative to evaporating aluminum as a back
contact (which is necessary during anodic etching of porous Si), we also sputtered approximately
600A of gold on a few Si wafers using a desktop sputtering system. We experimented with this
technique because it is quicker and more economical; however, we found that samples with Al
evaporated on the back produced a much more uniform porous region as compared to samples
which had Au sputtered on the back.




One of our initial batches of Er-implanted wafers showed no IR emission. From RBS
analysis, we determined that the Al etch used to remove the aluminum back contact not only
removed the aluminum, but also removed some, if not all, of the implanted erbium. Therefore, it
became necessary to remove the Al back contact before Er implantation. Another method of
contact deposition, discussed below, was investigated and used for some of the wafers.

3.1.2 lon Implantation of Layers for Ohmic Contact

To avoid using aluminum as a back contact and still provide ohmic contact, we implanted
the back side of bulk (p-type) Si wafers with boron to create a p* layer. The back side of bulk Si
wafers was implanted with a dose of 5 x 10" boron/cm® at 20 keV. Several wafers were
implanted with an additional dose of 5 x 10" boron/cm’ at 60 keV. Wafers were annealed at
900°C for 30 minutes in N, to form the p* back contact. In addition, a highly doped (low-
resistivity) Si wafer was placed directly behind the Si wafer to be etched in the etching apparatus.
The Si contact wafer was not exposed to the HF solution. The additional Si wafer aids in
distributing current uniformly throughout the wafer being anodically etched.

3.2 Fabrication of Porous Si

Wafers were anodically etched in a 1:1 HF:ethanol solution using conditions to achieve
red-emitting porous Si. The system used relies on a current source with the sample connected as
the anode (+) and a platinum foil as the cathode (-) (see Figure 5). The HF:ethanol solution is
contained in a teflon vessel. The silicon wafers are held in a specially-prepared jig which
exposes only the front surface to the solution, isolating the electrical contact on the back from
any liquid. The silicon samples were carefully etched in the HF solution using currents ranging
from 10 mA to 100 mA for periods of 30 to 150 minutes. Many of the samples fabricated
yielded red-emitting porous Si, which according to initial results provided the strongest IR
emission (discussed later).

3.3 Implantation of Rare Earth Elements

Porous Si wafers are mounted on a square steel plate. The ion beam scans a region about
20% larger than the wafer. Once the porous Si wafer has been mounted, the remaining space
around the wafer is used to implant into other substrates. In addition, we often mask a part of the
porous Si wafer (with a piece of Si) in order to compare unimplanted versus implanted regions;
therefore, other samples are also mounted on the Si mask. This optimization of space allows us
to perform additional Er implantation into other substrates (such as GaN) at no cost to the
program. Figure 6 shows one of Spire’s ion implanters similar to that used in this work.

Rare-earth elements are generally difficult to implant. One method to produce an Er
beam is the use of Cl, carrier gas. (Note that sputtering of Er is the most reliable way to produce
an Er beam. However, sputtering is a very slow and expensive process, and to do so would
require major modification of our ion source.) For example, Er, when combined with chlorine,
forms erbium chloride (ErCl,) which is generally hydroscopic. As a result, residual compounds
collect around the pumps and the source region, and the pumping system can degrade, resulting
in a contaminated beam. In addition, elements which have low work functions, including many
of the rare-earth elements, are classified as electron emitters. Therefore, as the plasma begins
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Figure 5 Schematic diagram of the anodic etching apparatus used at Spire for fabricating

porous silicon wafers.

Figure 6 Spire ion implanter similar to the one used for this research project.




generating ions, additional electrons are emitted from the ErCl; coated chamber. The additional
generation of electrons interferes with the plasma in the arc chamber resulting in the absence ofa
beam or one with very low current. To increase the current, the source must be changed and the

chamber cleaned.

Special attention to the implanter facility was needed to obtain an uncontaminated beam
and a beam with high current density. Therefore, we cleaned the implanter system prior to each
Er and Pr implantation. This extra process enables us to achieve a beam with the least
probability of contaminants and a higher total current beam.

3.3.1 Erbium

Er was implanted with a dose of 1x10" Er/cm’ at 190 keV and 380 keV into porous Si
and Si. Table 1 lists conditions of Er-implanted samples which were metallized with Au and Al
Table 2 lists Er-implanted samples which were contacted using our new method of boron
implantation and a Si wafer contact. Annealing of all Er-implanted samples was performed in a
conventional furnace in N, for 30 to 60 minutes at temperatures ranging from 530-650°C.

3.3.2 Praseodymium

Praseodymium was implanted with a dose of 10" Pr/cm’ at 380 keV into porous Si, Si,
quartz and sapphire. Table 3 lists conditions of Pr-implanted samples. Some of the samples
were annealed in a nitrogen ambient at temperatures ranging from 500°C to 650°C for periods of
30 to 60 minutes.

3.3.3 Co-implantation of Er, O and F

It is reported in the literature that co-doping of fluorine with erbium increases the number
of optically active erbium centers in a host material. Therefore, we have co-implanted erbium
with fluorine in some samples. To determine the optimum conditions, we produced a matrix
with various doses of erbium and fluorine. Four doses of erbium ranging from 1x10" to 2x10"
Er‘/cm® were implanted. Four doses of fluorine were also implanted ranging from 1x10" to
5x10' F*/cm?. Figure 7 shows the matrix grid with 16 different combination doses. This wafer
was annealed in a nitrogen ambient at 600°C for four hours. Samples with each of the different
doses were sent to Dr. Jacques Pankove and Dr. Robert Feuerstein’s group at the University of
Colorado for photoluminescence (PL) and cathodoluminescence (CL) measurements. According
to Dr. Feuerstein, PL measurements show room-temperature IR emission from erbium co-
implanted with fluorine. PL data on Er- and F-doped bulk Si is presented in a paper submitted
for publication through a collaboration with Kewell et al. at the University of Surrey (see
Appendix A).




Table 1 Fabrication conditions and visible PL properties of Er-implanted wafers (first
batch).
Metallization Cori:?t?ons \:ﬁiabrizifyL Ccl)nr:giltaig;s
SW32-PS1 Back-Au 100 mA 60 min red-orange
SW32-PS2 Front-Au 100 mA 60 min orange
SW32-PS3 Front-Au 100 mA 60 min orange
A1 Front 100 mA 60 min orange 380 keV Er 1E15
A2 Front 100 mA 60 min red-orange 380 keV Er 1E15
A3 Back 10 mA 60 min orange-yellow 380 keV Er 1E15
A4 Front 100 mA 30 min red 380 keV Er 1E15
A5 Front 100 mA 30 min red 380 keV Er 1E15
A6 Front 100 mA 45 min red 380 keV Er 1E15
A7 Back 100 mA 45 min red 380 keV Er 1E15
A8 Front 10 mA 60 min orange-yellow 380 keV Er 1E15
Additional:
100 mA 30 min orange-yellow
NMK Er4 Back 100 mA 32 min red 190 keV Er 1E15
NMK Erb Back 100 mA 32 min red 190 keV Er 1E15
SS82 p-type Si <100> 0.8 to 1.2 Q-cm 190 keV Er 1E15
6554-SiA p-type Si <100> 0.1 to 0.2 Q-cm 380 keV Er 1E15
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Table 2 Fabrication and annealing conditions of Er-implanted porous Si wafers (second
batch).
Boron p* Wafer
Sample Implant for used as Anodic Er Anneal Anneal
ID Back a Back Etching Implantation 530°C 650°C
Contact Contact
RT-1 5E15 20 keV + 100 mA, 1E15, 380 +
60 min keV
UN-3 5E15 20 keV + 100 mA, 1E15, 380 + +
60 min keV
RT-7 5E15 20 keV + 100 mA, 1E15, 380 +
5E15 60 keV 60 min keV
UN-8 5E15 20 keV + 50 mA, 1E15, 380 + +
5E15 60 keV 30 min keV
100 mA,
30 min
UN-A _ + 100 mA, 1E15, 380 + +
150 min keV
Table 3 Fabrication and visible PL properties of Pr-implanted wafers.

Sample ID Metallization Etch Visible PL Implant
Conditions Intensity Conditions
ER1 back 100 mA 90 min orange-yellow 380 keV Pr 1E15
ER2 back 100 mA 32 min red 380 keV Pr 1E15
ER3 back 100 mA 32 min red 380 keV Pr 1E15
6554 (4" Si)
p-type, <100> 380 keV Pr1E15
0.1-0.2 Q-cm
S81 (Si)
p-type, <100> 380 keV Pr 1E15
0.8-1.2 Q-cm
Sapphire 380 keV Pr 1E15
Quartz 380 keV Pr 1E15
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Figure 7 Schematic of a Si wafer implanted with various doses of erbium and fluorine.

3.4 Photoluminescence

Visible PL was measured at room temperature using an argon laser with an excitation
wavelength at 488 nm and a laser power between 25 and 100 mW. The IR PL was excited with a
Coherent Innova 70 Ar™ laser with either the 457.9, 476.5, 488, 496.5, or 514.5 nm line of the
argon beam. The 580 nm output of a dye laser (pumped by the argon laser) was additionally
used to excite IR emission. IR PL was carried out for laser powers between 10 and 450 mW. An
interference band-pass filter was placed in front of the samples to eliminate plasma lines from the
laser beam. The samples were illuminated from the porous side and IR PL was collected at a
near-backscattering geometry. An SPEX 1401, 0.75 m double monochromator equipped with a
pair of 600 line/mm gratings was utilized for the IR PL studies. The PL signal was detected by a
liquid nitrogen cooled Northcoast Ge detector. A thin GaAs wafer polished on both sides or a
850 nm long pass filter (Schott RG 850) was placed in front of the collecting lens of the detector
to filter lines from the second- and third-order grating scattering. Both entrance and exit slits of
the monochromator were set at 1000 um, resulting in a spectral resolution of ~ 1 nm, which was
much smaller than the Er peak widths (= 7 nm) observed from the samples. The PL signal was
processed using standard lock-in amplifier technique. For the excitation wavelength dependence
study, the laser power was set constant to 15 mW. In the power-temperature dependence study,
the sample was irradiated with a focused excitation beam having a spot size diameter of 1 mm
and the power was varied between 20 and 300 mW. The spectral resolution in the IR PL
measurements was 1.6 nm.

In all experiments cooling was achieved by mounting the sample onto the cold finger of a
closed cycle helium refrigerator. The refrigerator allowed us to perform studies in the tempera-
ture range from 15 to 300K. The PL spectra were not corrected for the spectral response of the
system.
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For photoluminescence excitation (PLE) measurements, an optical parametric oscillator
(Surelite OPO, Continuum) pumped by a Q-switched Nd:YAG laser (Surelite II, Continuum)
was used as the excitation source. The PL signal was recorded as the ratio between PL intensity
and excitation power, and included the system response. The signal was processed by a boxcar
averager (SR250 Stanford Research Systems). The sample was cooled on the cold finger of a
two-stage closed-cycle refrigerator capable of reaching a temperature of 12K.

For time resolved PL measurements, a 400 mW, 488 nm Ar" laser beam was
mechanically chopped at 50 Hz. A digital storage oscilloscope or a boxcar averager was used to
acquire the decay transients.

3.5 Device Fabrication

We have fabricated impact-excited and injection-induced IR-emitting devices from Er-
implanted porous Si. Since the lateral conduction of current is impeded by the presence of voids
in porous Si, the design of ohmic contacts to porous Si plays an important role in optimization of
the current conduction and the light collection efficiencies. Ti/Pd/Au ohmic contacts were
deposited using various shadow masks on the porous surface and substrate sides of the wafers.
Details of contact deposition and shadow masks are discussed later.

4 EXPERIMENTAL RESULTS

Although the focus of this work is to fabricate Er-doped porous Si LEDs, extensive work
was required to understand the mechanism involved in Er emission in porous Si. In order to
fabricate working devices, we needed to increase the efficiency of Er luminescence in porous Si.
To do this, one must understand the interactions between Er and porous Si. We also analyzed the
many parameters which influence Er luminescence. First, we determined what type of porous Si
was suitable as a substrate for Er implantation, and also what processing conditions would yield
the best porous Si.

In the following we present data from wafers which were produced for device fabrication,
and data from measurements which were carried out to determine the dependence of
luminescence on porous Si material and optical characteristics.

4.1 Photoluminescence of Er**:Porous Si
4.1.1 Dependence of IR Emission on Annealing Temperature

It is well known that post-implantation anneal conditions play an important role in
optimizing the near-IR PL emission intensity in Er-implanted materials. Thus we have carried
out a systematic annealing study in order to optimize the room-temperature near-IR emission
from Er:porous Si. We have annealed our samples in N, atmosphere for 30 minutes at various
temperatures. Figure 8 shows the room-temperature near-IR PL spectra of as-implanted and
annealed (500, 530, 650, and 850°C) Er:porous Si. From these results, it is clear that annealing
Er:porous Si at 650°C for 30 minutes in N, yields the strongest near-IR PL emission at room
temperature.

13
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Figure 8 Room-temperature PL spectra of as-implanted and annealed Er:porous Si

samples. Erbium was implanted with a fluence of 10"/cm’ at 190 keV and
annealed at different temperatures.

Figure 9 compares the visible and near-IR PL intensities of Er:porous Si as a function of
annealing temperature. There is an inverse relationship between the near-IR and the visible PL
emission from Er:porous Si for all annealing temperatures. Note that the Er:porous Si samples
annealed at 650°C show maximum near-IR intensity and minimum visible emission intensity.
However, it should be noted that the visible emission intensity in porous Si samples without
implantation also exhibits identical annealing temperature dependence.

4.1.2 Origin of Strong 1.54 ym Emission in Er-implanted Porous Si

Erbium-implanted porous Si emits strongly at 1.54 um at room temperature. Figure 10
compares room-temperature IR PL spectra of a typical Er-implanted (10'*/cm? 190 keV) porous
Si sample with a device-quality, 2-pm In, ;;Ga, ,,As film grown on InP substrate. In,;,Ga,,,As is
a direct-bandgap material which is used for room-temperature, commercial IR LEDs. Note that
the intensity of IR emission from Er:porous Si is approximately 8% of that of In, ;;Ga, ,,As.

Erbium, when implanted into porous Si, can be incorporated in the oxidized surface
regions of porous Si (SiO,), the unetched bulk Si, or the columns of porous Si. Thus, in an
attempt to investigate the origin of the strong 1.54 pm PL emission from Er:porous Si, we have
compared its IR PL spectra to Er:crystalline Si and Er:quartz (crystalline Si0,).

14
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Erbium was implanted into porous Si, bulk Si, and quartz with a dose of 1 x 10"%/cm? at
190 keV and annealed for 30 minutes in N, at temperatures ranging from 500°C to 900°C under
identical conditions. No RT infrared (IR) emission was observed from Er-implanted quartz and
silicon after annealing at 650°C (although after annealing at 900°C very weak emission was
observed from quartz at 9K). The highest RT emission intensity at 1.54 pym was from Er:PSi
with a peak concentration of 1.5 x 10*/cm’ and annealed at 650°C. The Er depth profile and
concentration were determined from Rutherford backscattering data (see Figure 11). The
luminescence intensity from Er:PSi annealed at 500°C was about 26 times higher than that
observed from quartz implanted with Er at 400 keV and annealed at 900°C (see Figure 12). We
observed a reduction in photoluminescence (PL) intensity of only about a factor of two from
Er:PSi over the 9 to 300K temperature range.
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Figure 11 Comparison of concentration depth profiles of Er-implanted at 190 keV into
porous Si and bulk Si.

The strong IR (1.54 pm) emission from Er:porous Si, compared with that from Er:Si and
Er:quartz, suggests that Er is not in SiO, or Si with bulk properties, but may be confined in Si
with quantum-confined properties. Preliminary data indicate that porous Si is a good substrate
for rare-earth elements because a high concentration of optically active Er’* can be obtained by
using a commercial ion implanter which operates below 200 keV.

Self-absorption of visible light emission in porous Si imposes a restriction on the
fabrication of visible light-emitting devices (LEDs). However, since porous Si and Si are
transparent to 1.54 um wavelengths, fabrication of IR LEDs is simplified. Furthermore, we
anticipate that it may be possible to use visible light emission from porous Si to pump Er*.
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4.1.3 Temperature Dependence

Realization of optoelectronic devices based on erbium-doped porous silicon depends on
the intensity and temperature stability of the Er’* emission at and above room temperature. One
of the problems facing the development of rare-earth-doped materials and devices is the strong
thermal quenching of Er’* emission in many host materials near room temperature. The
temperature-dependent measurements of PL intensity and its time decay behavior have been
shown to be valuable in understanding the excitation and de-excitation mechanisms of Er**.2*¥
We have investigated the temperature dependence of 1.54 pm PL emission intensity and its
decay lifetime in Er-implanted porous silicon. From this study, we propose a mechanism for the
excitation and relaxation of Er’* ions in porous silicon.

We have studied temperature dependence of Er'* emission in porous Si from liquid
helium to room temperature, and we have determined that this dependence is partially due to the
porosity of the sample. In actual applications of Er’": porous Si devices, one would expect the
operating temperature to rise above room temperature; therefore, we have carried out sets of
measurements by heating our samples to about 475K.

Figure 13 shows 1.54 um PL spectra of Er’*:porous Si measured from (a) 10 to 295K, and
(b) from 300 to 455K. The full width at half maximum (FWHM) of the main 1.54 um PL peak
is about 8 nm. This relatively large line width, compared to the reported value of ~ 1.9 nm
(1 meV) for Er’*:Si, suggests that the Er'’* ions occupy a range of sites, and that the emission
spectrum is mainly inhomogeneously broadened. Figure 14 shows the temperature dependence
of the integrated PL intensity. Note that the integrated intensity at room temperature is about
60% of that at 15K. The temperature dependence of 1.54 pm emission from Er:porous Si is
comparable to the result reported for Er:3C-SiC?*. Figure 15 shows a comparison of temperature
dependence of 1.54 um PL emission in Er:porous Si and Er:3C-SiC. The solid triangular symbol
represents the data for Er’*:3C SiC, and the open square symbol represents that for Er’*:porous
Si. The dashed line through the Er'*:porous Si data points is drawn to guide the eye. We
compare our results with Er'":3C SiC because of the closeness of the bandgap (bandgaps of
porous Si and 3C SiC are ~ 1.9 eV and 2.3 eV, respectively). These results indicate that porous
Si is an excellent host material for Er* emission at 1.54 pm.

4.1.4 Excitation Power Dependence

If Er'* ions are not directly excited, then they are most likely excited through the
recombination of an electron-hole pair bound to the Er center. Assuming that the recombination
energy of this electron-hole pair is nonradiatively transferred either (1) to a conduction electron
(Auger process) or to (2) the Er'* ion, Benyattou ef al? have shown that the 1.54 pm PL
intensity (number of excited Er’* ions) is proportional to the square root of the excitation power.
In this two-channel nonradiative recombination scheme, the rate of increase of excited Er'* ions

(n) can be written in the form:
* *
dn Pe n

- (1)
dt Pe + C\/; T
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Figure 13
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where A4 is the number of created bound electron-hole pairs, P, is the probability of energy
transfer to the Er** ion, [ is the excitation intensity and 7 is the fluorescence decay time constant
of the first excited state ‘I,;, of Er’". C I is the Auger recombination probability, assuming a
bimolecular recombination of the photogenerated carriers. At pump powers for which the Auger
process is dominating, i.e., C VI >> P, the steady state situation can be written as follows:

APp
A L 2)

C
The 1.54 ym PL intensity is proportional to the number density of excited erbium ions

(n"). Therefore, the 1.54 um PL intensity is proportional to the square root of the excitation
power. In order to investigate the dependence of 1.54 pm luminescence on pumping power, we
have carried out a systematic PL study at different temperatures. The samples were excited using
the 514.5 nm line of an Ar ion laser. Figures 16 and 17 show the 1.54 pm PL intensity measured
from 15K to 300K as a function of excitation power (mW) and square root of excitation power
(mW'), respectively. PL intensity is proportional to the square root of the excitation power
below 150 mW at all measured temperatures above 75K. From these results, it is clear that a
model similar to that described by Benyattou ef al.”’ can describe the Er’ excitation process in
Er:porous Si. '
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Figure 16 PL intensity as a function of linear excitation power for Er:porous Si.
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The 1.54 um PL intensity in Er:porous Si increased rapidly with pump powers up to
150 mW at all temperatures and saturated at higher powers. The sublinear power dependence of
the Er PL intensity above 150 mW indicates the onset of PL saturation;*? however, complete
saturation (which means that all optically active Er'* ions are excited) was not obtained. It
should be noted that the shapes of the curves after correction for thermal quenching effects were
similar (less than 5% deviation); hence, the pump power at which complete saturation occurs will
be temperature independent. We believe that the concentration of optically active Er” ions in
Er:PSi must be high. Similar to Er- and O-doping in bulk Si, additional oxygen co-doping in
Er:PSi may increase the Er’* concentration further.

4.1.5 Excitation Wavelength Dependence
4.1.5.1 PLE Measurements on Er-implanted Porous Si

Photoluminescence excitation spectroscopy (PLE) is a valuable experimental tool to
probe the different groups of crystal field split energy levels of Er’ and thereby investigate the
different types of Er’* centers in Er doped semiconductors, if direct excitation of Er** is possible.
In this technique, the intensity of the luminescence wavelength of interest (1.54 um) is recorded
as a function of excitation wavelength. Corrections should be made for the spectral responses of
the detector and the monochromator and spectral line shapes in this range of excitation
wavelengths. Thus, the low temperature PLE measurements could provide information on
different types of Er'" centers and their site symmetries in Er doped semiconductors. By
studying the thermal quenching properties of these individual Er’ centers and correlating these
centers to certain impurities or defects, it may be possible to optimize performance of 1.54 pm
Er'* emission in Er-doped semiconductors. :
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Furthermore, the possibility of direct excitation of Er’” ions in Er doped semiconductors
will be advantageous since commercially available diode laser sources (980 nm for example) can
be used to excite 1.54 pm Er** luminescence without being influenced by the host material
properties. For example, commercially available laser sources operating at 650, 800 and 980 nm
can be used to excite the Er* ions from the ground state ‘I, to the excited states ‘Fsp, Iy, and
*1,,» respectively. However, due to the complex nature of the Er’* centers, it has not always been
possible to excite the Er’* ions directly.

We have carried out photoluminescence experiments on Er’*:porous Si samples in an
attempt to understand the excitation mechanism of Er’* ions in Er’":porous Si. Several discrete
excitation wavelengths including 488, 514.5, 800 and 980 nm have been used. There are
relatively narrow absorption bands of Er** around 488, 514.5, 800 and 980 nm which correspond
to transitions' of *I;s;—> *Fap 5= Hi > ‘Lisp> ‘L, and Iip—> Ly, If the Er'” ions are
directly excited then we should observe a significant increase in Er* related PL intensity for the
above excitation wavelengths.

Figure 18 shows room-temperature 1.54 um PL spectra of Er:porous Si excited with
excitation wavelengths 457.9, 476.5, 488, 496.5 and 514.5 nm. The insert shows a schematic
energy level diagram of Er’* determined for Er-doped glasses.
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Figure 18 Room temperature 1.5 um photoluminescence spectra of Er:porous Si excited
with different excitation wavelengths. The insert shows the energy level of Er’
determined for Er in glasses.
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There is no observable change in spectral line shape for these different excitation
wavelengths. However, the intensities decrease with increasing wavelength. No IR emission
from Er was observed when samples were excited at 980 nm with 100 mW power. The IR
emission was observed only for excitations above the bandgap of porous Si (>1.9 eV). These
results indicate that there is no direct excitation of Er’* ions in Er:porous Si, and the excitation
energy transfer is mediated by photogenerated carriers. The decreasing PL intensities for
increasing excitation wavelengths could be explained by the wavelength dependent absorption
and will be discussed in Section 4.1.5.2. A decrease in absorption within porous Si leads to a
decrease in the number of photogenerated carriers near the surface where Er atoms reside,
resulting in a decrease in the 1.54 pm PL intensity. Note that our RBS studies show that the
penetration depth of implanted Er at 380 keV is approximately 2500A.

We have also studied the visible PL spectra of the sample shown in Figure 18, using
different excitation wavelengths in order to investigate the visible spectral line shapes for these
excitation wavelengths as well as its relation to IR PLE. The changes in spectral line shapes for
these excitation wavelengths are negligibly small. . Thus, the error in PLE measurements
resulting from changes in luminescence spectral line shapes for different excitation wavelengths
will be neglected.

Figure 19 shows photoluminescence spectra of Er:PSi samples with two different
porosities. Sample A’s visible emission peaked at 750 nm and sample B’s visible emission
peaked at 650 nm. In the second year of the program we had the opportunity to measure PLE
spectra using continuous excitation wavelengths. In the new experimental setup, we have been
able to measure PLE spectra of both the substrate (visible light emission from porous Si) and
Er:porous Si (1.54 pm).

Figure 20 shows photoluminescence excitation spectra (PLE) in the visible and near
infrared from the same Er:porous Si sample. The visible luminescence was monitored at 750 nm
(sample A) and the IR emission was observed at 1.54 ym at 15K. The PLE spectra are
essentially the same for both visible (porous Si) and IR (Er’") emission from Er:porous Si. A
significant increase in the PLE signal is observed for both visible and IR emission for excitation
wavelengths around 600 nm (~2eV). The onset of PLE signal for the visible emission is
indicative of the band gap of the porous Si material and was observed at shorter wavelengths for
samples with higher porosities (see Figure 21) consistent with their higher bandgaps. This
observation indicates that the excitation of Er’* in Er:porous Si is a photo-carrier mediated
process. Further more, the nearly identical PLE spectra for visible and IR emissions suggest that
the Er'* ions are located in the nanograins of porous Si.

4.1.5.2 Calculation of Photocarrier Generation rate Rs a Function of Excitation
Wavelength in Er-implanted Porous Si

As a first step to understand the mechanism of optical excitation of Er**, we have
calculated the number of photocarriers generated as a function of wavelength. Consider a semi-
infinite slab of p-type silicon, with a photon flux, @) (x =2500; the penetration depth of Er
implanted in Si at 380 keV), in the material given by:
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Figure 19 Photoluminescence spectra of Er:porous Si samples with two different porosities.
The porosity of sample A (visible PL peaked at 750 nm) is less than that of sample
B (visible PL peaked at 650 nm).
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Figure 20 Comparison of PLE of 1.54 ym and visible (PL peaked at 750 nm) emissions from
Er-implanted porous Si.
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o
D= e 3)

where @, is the incident photon flux on the slab surface and a(4) is the absorption coefficient.
Then the generation rate of electron-hole pairs, G(x), is”

G(x) = @oe (4)

Under steady-state excitation, the number of minority carrier electrons created in the p-layer, n,,

is given by:**

D —3-——+G(x)=0 (5)

dy T,

where D, is the minority carrier diffusion coefficient, 7, is the minority carrier lifetime, and n,, is

the equilibrium electron density. The boundary conditions are equilibrium at large distances
from the surface and the surface recombination boundary condition at x =0, i.e.,

Mp=pp atx —> o (6)
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n
2 =8y —n ) atx—>© (7)

The solution to equation (3) with boundary conditions (4) and (5) is:

—ox 9D +S _X
- = —_—— L
n,~n, =Cle b +57 Le ] (8)
where
o
L (9)

- Dn l—a Ln

L, is the minority carrier diffusion length (= \/(D,, 7)), and S is the surface recombination velocity.

The first term on the right-hand side of equation (8) is the number of electron-hole pairs
created by photon absorption, per unit volume. The second term represents the loss of carriers
due to both diffusion away from the absorbing region and surface recombination. For a surface
layer of finite thickness ¢ such as the Er-implanted layer, the total number of electron-hole pairs
N created in that layer is given by the integral of equation (8), or:

. -1 ap +S . —
N =l ()~ G e 11+ L /1) (10)
This is the total number of electron-hole pairs created by the incident flux @,, per unit
illuminated surface area. Using standard values from silicon for a vs. wavelength, equation (8)
has been calculated and is shown in Figure 22. Here the calculated line represents N for an Er-
implanted porous layer thickness ¢ of 2500A. Also shown in the figure is the measured
dependence of both visible and infrared (1.54 pm) PL intensity vs. incident wavelength. Both
the calculated and measured values have been normalized to the value obtained for the shortest
measured wavelength, 457.9 nm. These results clearly show that the measured dependence of PL
intensity on excitation wavelength is due to the absorption characteristics of the pump photon.
That is, as the pump wavelength becomes shorter, the absorption coefficient is higher, resulting
in more electron-hole pairs being created near the surface. Since the porous structure is like a
sponge of interconnected 50A grains, the carriers cannot diffuse very far before recombining.
This means that more carriers stay around the implanted Er at the surface of the porous layer and
for longer than would be the case in ordinary materials such as silicon. This in turn results in a
proportionally higher excitation rate of Er-related emission. In silicon, the large diffusion
lengths (~ 100 um) and long minority carrier lifetimes (~ 1 ms) allow the carriers to diffuse away
from the surface layer before they can recombine and excite the erbium. In Figure 23, a
comparison of porous silicon and bulk silicon is shown where carrier lifetimes and diffusion
lengths appropriate to each have been used in the calculation. Another way of discussing this is
as follows: In bulk silicon, incident photons are absorbed near the surface by creation of
electron-hole pairs. Since the diffusion coefficient is large, the excess carriers created by the
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Figure 23 Carriers generated for excitation wavelength from 200 to 1000 nm for bulk Si and
porous Si with a thickness of 25004. For wavelengths shorter than 400 nm,
carriers are influenced by surface recombination.
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light diffuse away rapidly and before they can interact with the implanted erbium. Therefore, Er
emission from bulk silicon will be low. In the case of porous silicon, incident photons are also
absorbed near the surface by creation of electron-hole pairs.

However, the porous nature of the film prevents the excess carriers from diffusing away
from the surface. They are confined by the discrete nature of the film to stay where they are
created, in the vicinity of the implanted Er, until they recombine. Based on these results, even
non-quantum mechanical confinement (nanostructure confinement with dimensions > 50A) of
the electron-hole pairs would work as far as the excitation mechanism is concerned and sufficient
optically active Er is present.

4.1.6 Photoluminescence Lifetime Studies

In order to enhance our understanding of the basic physics involved in the excitation and
relaxation processes of Er'* in Er:porous Si, we have also measured the lifetime of 1.54 um PL
emission from Er'* porous Si at different temperatures. Figure 24 shows the time decay
temperature dependence of 1.54 um PL in Er*: porous Si. The decay consists of a fast
component (lifetime ~ 140 us) and a slow component (lifetime ~ 1 ms). Similar features have
been reported for Er-implanted bulk Si.***” The fast component is believed to be associated with
the presence of impurities.***® Lifetimes of the fast and slow components are obtained by fitting
the measured decay curves to an expression of the form:

I(t) = Afasx exp('t/‘rfast) + Aslow exp('t/Tslow) (1 1)
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Figure 24 1.54 um PL decay curves of Er:porous Si measured at 15, 100 and 300K.
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Based on Equation (11), we fitted the experimental decay transients and obtained the fast
and the slow lifetime components at different temperatures. Lifetime of the slow component is
1.37 ms at 15K and is reduced to 930 ps at 375K. It is also noted that the ratio of A, to Ay, is
independent of the temperature. This observation suggests that there are two distinct classes of
sites, each with a different nonradiative decay channel.

The temperature dependence of the 1.54 pm PL intensity and lifetime of the slow decay
component are identical below 150K. However, above 150K, PL intensity decreases faster than
the lifetime of the slow decay component. PL intensity at 375K is reduced to 45% of that
observed at 15K, while the slow lifetime is only decreased to 65% of its value at 15K.

The identical temperature quenching behavior between the integrated PL intensity and the
slow lifetime component in the temperature range from 15 to 150K suggests that PL quenching
arises from nonradiative processes such as energy back-transfer’*”’ and multiphonon nonradiative
relaxation. We assume that the main process responsible for PL quenching in this temperature
range is back-transfer.

The deviation in the temperature dependence of Er'* PL intensity and lifetime above
150K indicates that an intermediate level such as an Er-related donor level is involved in the Er’*
excitation process. In the following section, we shall present a model that explains the enhanced
PL quenching above 150K.

4.1.7 Proposed Model for Erbium Excitation

In the literature, it has been reported that Er " excitation occurs via recombination of an
exciton bound to an Er-related trap site.*® Deep level transient spectroscopic (DLTS) studies in
different host materials have shown the existence of Er-related levels below the conduction
band.***' This Er-related level was found to be a donor both by calculations” and by
measurements.***' The photogenerated carriers are first trapped at these Er-related defects and
the energy of recombination of these carriers (electron-hole pairs) excites Er’* ions via an Auger
type process. The excited Er’* ion can relax radiatively (1.54 um emission) and nonradiatively
(energy transfer to other Er'" ions, or defects, and interaction with the host lattice). Figure 25
shows a schematic of the model discussed above.

At very low temperatures, nonradiative relaxation is not very significant (nonradiative
transition probability is proportional to exp(-A/KT): A =thermal activation energy). As the
temperature is increased from very low temperatures, nonradiative relaxation becomes important.
Thus, slight thermal quenching of 1.54 ym PL emission at low temperatures is due to
nonradiative relaxation of the ‘I,,, state of an Er'* ion. As the temperature continues to increase,
the electron on the Er-related level is thermalized to the conduction band. Now the trapping
center becomes positively charged and the hole will be detrapped by Coulomb repulsion. As a
result, the Er’* excitation probability is decreased with increasing temperature. The dissociation
of an exciton bound to an Er-related trap level is responsible for the observed strong thermal
quenching of 1.54 pm PL emission above 150K.

30




Er3+: Porous Si

104meV
BB Electron @
4 A
7 (1) T
196/ ~AP> St
Laser Excitation Rl <
ser Excita P
) ] 1 (1g) vy
l.: ::' E[3+ Er3+
VB tiole Q@ —————»0; wisew Excitation Relaxation

Figure 25 A model for the excitation and relaxation of Er’* in Er:porous Si.

If we assume a similar mechanism to explain the excitation of Er’* ions in porous silicon,
the enhanced PL quenching above 150K can be interpreted by the following model. At steady
state, the PL intensity is proportional to the concentration of excited Er’* ions, i.e.

o N'/1, (12)
where N" is the concentration of excited Er’* ions and 1, is the radiative lifetime of the I,,, state
of Er’*. Assuming most of the Er** ions are in the ground state (N" < N; N is the total number of
active Er** ions), the concentration of excited Er'’* ions is given by the rate equation:’

dN'/dt=N/1,-N'/x (13)

with N, is the concentration of electron-hole complexes, t is the total lifetime of *I,;, and t,, is
the time required for energy transfer. At steady state (dN"/dt = 0) the PL intensity is given by:

e (NSt )( T/7000) (14)
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The concentration N, can be determined by the rate equation:
ch/dt=l'C-I'D-I'E (15)

where r.. is the rate at which the electron-hole complexes are formed, ry, is the dissociation rate of
the complexes and r; is the excitation rate of Er’*. Assuming the excitation rate is negligible, ie.,
r; < I, I, the concentration N, can be approximated by:”’

N,=N[1 + W exp(-E/KT)]" (16)

where E is the energy difference between the conduction band and the Er-related trap level. W is
defined as:

W=o0,n/c, Gt, (17)

with 1, being the carrier lifetime, and n, being the density of state at the bottom of the conduction
band. G is the optical generation rate of electron-hole pairs, and o, and G, are capture cross-
sections for electrons and holes, respectively. Combining Egs. (14) and (16), the temperature
dependence of the Er'” PL intensity is given by:

T e [t/(t TN/ + W exp(-E/KT)] (18)
where 7 is described by:
1/t=1/t 4+ 1/Tonma
=1/, [1 + B exp(-A/KT)] (19)

where 1, and T,,,,, are radiative and nonradiative lifetimes of “I,3, state, respectively, A is the
thermal activation energy corresponding to the energy back transfer, and B is a constant. The
prefactor W in Eq. (18) is temperature-dependent. Since the dominant contribution to thermal
quenching arises from the exponential factor, as a first order approximation, we treat ¥ and t,, as
constants. A fit of Eq. (18) to the observed PL intensity is shown as a solid line in Figure 26.

Parameters of £ =0.104 ¢V and W = 10.6 are used to fit our experimental data. A fit of
Eq. (18) to the observed PL intensity and PL lifetime are shown as dashed lines in Figure 26.
Parameters of B=0.84 and A =15.5 meV are used to fit our experimental data. This model is in
good agreement with the experimental data, indicating that the erbium ions create a new level
which is 104 meV below the conduction band of porous Si. This defect related level is localized
close to the Er’* ion and acts as an effective channel for energy transfer between the Er site and
the host. The value of E (0.104 eV) is comparable to that measured in Er-implanted bulk silicon
by DLTS analysis.*” The value of W, however, is two orders of magnitude less than that reported
for Er'" Si’” One of the possible reasons for the reduction in the value of W is that the
photocarrier lifetime is longer in porous silicon than in bulk silicon.
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In this proposed model, the thermalization of bound electrons described by Eq. (18) has a
negligible effect on the Er'* PL intensity below 150K. Below 150K, the temperature dependence
of Er** PL intensity and lifetime (slow component) are essentially identical, and back transfer
leads to weak Er PL quenching. Above 150K, however, the dissociation rate 1, (in Eq. (15))
increases significantly, which results in an enhancement of the Er* PL quenching at elevated
temperatures.

4.1.7.1 Summary

In summary, we have performed temperature-dependent PL as well as PL decay
measurements on Er-doped porous Si up to about 475K. From these measurements we propose a
model for Er’* excitation. We predict an Er-related donor level which is 104 meV below the
conduction band, and that the jonization of this donor level is proposed to be responsible for the
strong thermal quenching of 1.54 pm emission in porous Si:Er’* above 150K. A nonradiative
process with a thermal activation energy of 15.5meV is responsible for the slight thermal
quenching in the temperature range from 15K to 150K.

We propose a model for the excitation of Er’* in Er:porous Si in which the excitation
occurs via recombination of an exciton bound to an Er-related trap site. The photogenerated
carriers are first trapped at these Er-related defects and the energy of recombination of these
carriers (electron-hole pairs) excites Er’* ions via an Auger type process. The excited Er* ion
can relax radiatively (1.54 um emission) and nonradiatively (energy transfer to other Er* ions, or
defects, and interaction with the host lattice). The dissociation of an exciton bound to an Er-
related trap level is responsible for the observed strong thermal quenching of 1.54 um PL
emission above 150K. The thermal quenching of 1.54 um PL emission in Er*" porous Si is
comparable to the results reported for Er*":3C SiC.

4.2 Optical Characteristics of Ideal Host Porous Silicon Substrate

Our photoluminescence studies show that 1.54 pm PL emission in Er’*:porous Si depends
on the porosity of the material. The 1.54 um PL emission is known to depend strongly on the
bandgap of the host material and the bandgap of porous Si depends on its porosity (effect of
quantum confinement). Note that the samples with higher porosity have a wider bandgap, and as
a result, the visible PL peak shifts toward shorter wavelengths (higher energies). In other words,
there is a correlation between the visible PL spectrum of porous Si and the 1.54 pm PL emission
from Er’*:porous Si. However, there is an optimum porosity (visible PL peak position) condition
in which the strongest room temperature 1.54 pm PL emission is achieved. In the following
sections we shall discuss the effects of visible luminescence properties of porous Si, Er
implantation, color of the porous silicon sample and annealing conditions on the 1.54 um PL
emission from Er’*:porous Si.

4.21 Dependence of the 1.54 um PL Emission from Erbium on the Visible Light
Emission from As-Prepared Porous Si

We observed strong room-temperature 1.54 um PL emission from Er’*:porous Si samples
when the visible luminescence from porous Si peaked between 700 nm and 750 nm (~ 1.7 to
1.8 V). When the visible emission from porous Si peaked from 650 nm to 660 nm (~ 1.88 to
1.9 eV), 1.54 um emission was extremely weak or non-existent for room-temperature measure-
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ments. In addition, it was also found that the intensity of 1.54 pm emission is directly dependent
on the intensity of visible light from porous Si. Figure 27 shows room-temperature visible PL
from two porous Si samples (SW32B and SW32P), fabricated under different etching conditions
using identical Si wafers. The difference in visible spectral peaks indicates difference in
bandgaps (porosity) of these two porous Si samples. We implanted these two samples with Er at
190 keV with a fluence of 10" cm? and later annealed at 650°C for 30 minutes. The sample
which showed a visible luminescence peak near 750 nm showed strong room-temperature
1.54 pm PL emission, while the second sample (visible PL peak at 650 nm) did not show any
room-temperature IR emission (see Figure 28). It should be noted that the sample with relatively
higher bandgap shows poorer efficiency of 1.54 um PL emission than the sample with the lower
bandgap (visible PL peak near 700 nm). The relative energy position(s) of Er-related defect
level(s) in the bandgap with respect to the band edges, and phonon assisted and other non
radiative relaxation (inter-impurity interactions) mechanisms may favor the porous Si host with
the bandgap corresponding to the visible PL peak emission near 750 nm. A summary of data
showing the correlation between the visible and the near-IR PL emission from Er:porous Si is
shown in Table 4.
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Figure 27 Room temperature visible PL spectra from porous Si samples SW32B and SW32P
fabricated under different etching conditions.
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Table 4 Correlation between the visible and near-IR PL emission from Er:porous Si.

Sample Visible PL | Relative | Er-implant | Anneal | Relative
D (nm) Intensi|¥ energy Tem Intensity at
{Visible (ke (°Cr 1.54um
& |
SW328 730 strong* 190 500 strong"*
530
650
850
SFPD2 730 v-good 190 500 strong
530
6554-C 7358850 | v-good 380 650 v-good
750
6554-G 725 good 380 650 v-good
6554-1 7258 650 good 380 650 weak
6554-F 6608730 good 190 650 weak
750
6554-P 650 good 380 650 weak
WA3M 640 weok 380 650 weak
6554-) 7238 630 good 380 650 none
6554-Q 660 good 190 650 none
6554-R 190 650 none
SW32P 650 strong 190 650 v-weak
SW3z2a 665 weak 190 650 none
WA3D 650 weak 50 650 none

*Relative strength compared with on Al
**Relative strength compared with an In

conditions.”

Ga__As somple measured under identical PL conditions.”

Lk b

0537047
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In order to understand the role of visible PL emission from porous Si on the 1.54 pm PL
emission, we have measured the visible PL emission before and after Er implantation, and typical
results are shown in Figure 29. The integrated visible PL emission intensity after Er (190 keV)
implantation is about 60% of that measured before implantation in most of the samples. From
this result, it appears that there is competition between the recombination channels responsible
for the visible and 1.54 pm PL in Er:porous Si.
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Figure 29 Visible PL emission from porous Si before and after Er implantation.

Figure 30 shows a comparison of IR emission from Er-implanted porous Si which peaked
at 640 nm, and quartz implanted with a dose of 10" Er/cm’ at 380 keV. Both samples were
annealed at 650°C. No room-temperature luminescence peak was observed from the quartz
sample annealed at 650°C. However, we observed very weak room-temperature IR emission
from Er in quartz annealed at 900°C, which is very similar in intensity and temperature
dependence to that of Er implanted into porous Si. These results indicate that porous Si, with
visible peak emission from 700 to 750 nm, is an excellent host for optically active Er*
incorporation. The intensity of IR emission is proportional to that of visible light emission from
the porous substrate prior to ion implantation of erbium. Implantation of Er into porous Si which
showed visible PL peak near 650 nm results in extremely weak room-temperature near-IR
emission, and its temperature dependence is very similar to that from Er in quartz.
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Figure 30  Comparison of IR emission from Er-implanted (10" cm?, 380 keV) porous Si and
quartz. Note that the visible PL peak from porous Si was near 640 nm.

4.2.2 Dependence of the 1.54 um PL Emission from Erbium on the Visible Light
Emission from Implanted and Annealed Porous Si

In the previous section we discussed the correlation between the 1.54 um Er’* emission
and the visible emission from porous Si prior to Er implantation. This information provided us
with the starting conditions to achieve strong IR emission. In this section we discuss the
correlation between the 1.54 pm Er’* emission and the visible emission from porous Si after Er
implantation and annealing. In this study we discuss two porous Si samples (A and B) with
different physical and optical properties. Sample A looked violet and sample B green-yellow in
appearance. Figure 19 shows a 15K, IR PL spectra of samples A and B from 1000 to 1700 nm.
Both samples exhibited Er’* luminescence at 1.54 um and a weak broad-band luminescence
between 1.0 and 1.4 pm, which was probably due to porous Si.® The peak at 1.13 pm
corresponds to the band-edge luminescence found in bulk Si.* The Er’* PL intensity from
sample A was almost four times stronger than that observed from sample B and the emission
from sample A is slightly broader than that from sample B. Since both samples were prepared
under identical implantation and annealing conditions, the variation in Er’* emission intensity
and band width for different samples (porosity) suggests that the local environment of Er’*
changes with the porosity of porous Si. Figure 31 shows the visible PL spectra of samples A
and B measured at 15K after Er implantation and annealing. The visible luminescence from
sample A is about 2 times weaker than that from sample B. This observation suggests that the
nonradiative energy transfer from the host to the Er’* ion is most efficient in sample A. The peak
shift of the visible PL spectrum of sample B towards shorter wavelengths (~ 660 nm) indicates
that sample B has a wider bandgap than sample A. If the Er'* PL originates from the nanograins
of the porous Si, then a weaker temperature dependence would be expected for the sample with a
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Figure 31 Visible PL from Er-implanted and annealed porous Si samples A and B measured
at 15K under identical conditions. The arrow indicates the filter cut-off

wavelength.

wider bandgap, i.e., sample B. Indeed, our temperature-dependent PL study shows that sample B
shows a weaker thermal quenching than sample A. The integrated PL intensity of sample A at
300K is about 60% of that at 15K, whereas it is about 70% for sample B. Figures 32a and 32b
show 1.54 pm luminescence from samples A and B measured at temperatures ranging from 15 to
300K. The temperature dependence of the integrated PL intensities of samples A and B is shown
in Figure 33. This difference in temperature quenching behavior is similar to that of Er in wide-
bandgap III-V semiconductors.”” This observation was explained by a reduced energy back-
transfer from the excited Er’* ions to the wider-bandgap host semiconductor.”” From the above
results, it is clear that by engineering the bandgap (porosity) of porous Si appropriately, one can
achieve intense, temperature-stable 1.54 pm emission from Er:porous Si.

4.2.3 Summary

There is a strong correlation between the visible PL emission from porous Si and the
1.54 ym PL emission from Er-implanted and annealed porous Si. Porous Si with a visible
emission peak in the wavelength range from 700 to 750 nm is an ideal host for doping of
optically active Er’* centers. Porous Si with visible emission peak near 650 nm results in
extremely weak room-temperature emission at 1.54 um upon Er implantation and annealing.
However, this sample shows weaker thermal quenching than the former sample. This
observation is consistent with thermal quenching behavior of Er-doped wide-bandgap host
materials.
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We speculate that Er'" centers associated with deep and shallow defect levels in the
bandgaps are present in porous Si whose visible PL peaks are near 650 and 750 nm, respectively.
Erbium centers associated with deep defect levels are responsible for the weak thermal
quenching of 1.54 um PL, since the energy back transfer from Er" to the host will be very low
up to very high temperatures. On the other hand, erbium centers associated with shallow defect
levels are responsible for the strong thermal quenching of 1.54 pm PL since the energy back
transfer from Er** to the host will be very high at high temperatures. However, the intense
1.54 um PL at room temperature in porous Si with visible PL peak near 750 nm may be due to
efficient energy transfer from the host to the Er’* centers or due to large number of optically
active Er centers.

4.3 Photoluminescence of Pr*:Porous Si

Rutherford backscattering spectroscopy (RBS) experiments were carried out to determine
the concentration of Er and Pr in Si, porous Si, and other substrates. Measurements were carried
out at the University of Connecticut using a 2 MeV van de Graaff accelerator. Figure 34a shows
RBS spectra of Pr-implanted Si (note that both Si and porous Si were implanted at the same
time) and a simulated Si substrate. Figure 34b shows the concentration profiles of Si implanted
with a dose of 1 x 10" Pr/cm? at 190 keV and 380 keV; as shown, the peak concentration was
about 1 x 10®/cm’. RBS results from other Pr-implanted samples showed that some implants
had Pr, others did not. However, RBS from Er-implanted samples indicated that our Er
implantation process is reproducible.
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Samples were annealed in an in-house furnace in a nitrogen ambient at temperatures
ranging from 500 to 650°C for periods between 30 and 60 minutes. Er- and Pr-implanted porous
Si samples were studied for visible and IR emission. Some samples were also studied by
Dr. Nelson Rowell at the National Research Council of Canada (NRCC). Figures 35a and 35b
show PL spectra of porous Si implanted at 190 keV with a dose of 1 x 10" Pr/cm’ (sample SSA)
and annealed at 500°C for one hour. This sample was excited at the 488 nm line using an argon
laser with 200 mW power. As can be seen, numerous lines exist but none of them are related to

Pr*.

4.4 Processes for Er:Porous Si Device Fabrication

4.4.1 Preparation of Substrates for Devices, and Difficulties Producing Device-Quality,
Uniform Porous Silicon Wafers

From our previous studies, we have discovered that 380 keV Er-implanted porous silicon
wafers with porosities in the range of 50 to 60% show strong 1.54 pm Er* photoluminescence at
room temperature. However, reproducing a constant porosity uniformly on porous silicon wafers
has been problematic. This problem may be attributed to non-uniform electrical contact used for
etching. In a new run, we have used two identical Si wafers with Al back coating. The resulting
porous Si wafers looked (texture and color) uniform and emitted red under UV excitation to the
naked eye. However, further PL measurement of the two wafers showed spectra with two
different “red” PL peak positions, indicative of different bandgaps/porosities. In other words, the
porosity of the wafers was not reproduced in wafers etched the same day under identical
conditions including Al back contact to the Si wafers. The wafers were analyzed using RBS
measurements in order to determine their porosities. The fabrication and wafer conditions of
porous silicon and RBS results are summarized in Table 5. The Al back coating of the Si wafer
generally improved the uniformity of the porous structure. Nevertheless, we observed lack of
uniformity even in the best of our 3-inch and 4-inch porous Si wafers.

Figure 36 compares the RBS spectra of two porous Si samples, one with an Al contact
(607302) and the other without Al contact (602282) with that of bulk silicon. The porous Si
samples were anodically etched at 100 mA for sixty minutes. The porosity is determined by
comparing the Si backscattering signal strength from porous Si with that of bulk Si. The
estimated porosity is about 43% in the porous Si sample having the Al back contact and is about
72% in the sample without the Al back contact etching. However, this porosity has not been
reproduced in other runs with identical etching conditions including Al back contact.

Figure 37 shows another example of irreproducibility of porous Si wafers. Figure 37
compares RBS spectra of porous Si samples (3-inch diameter) 609201, 609092, and 608132
with the spectrum of bulk Si. The porous Si samples were etched under identical conditions
(100 mA, 60 minutes, with Al contacts during etching). The estimated porosities of samples
609201, 609092, and 608132 are 72%, 35%, and 56%, respectively. The variations in porosity
for three-inch diameter wafers processed under identical conditions (100 mA, 60 minutes, with
Al contacts during etching) are shown in Figure 38. This result clearly demonstrates the
irreproducibility of porosity using identical etching parameters.
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Figure 35 PL spectra of a porous Si sample implanted with Pr at 190 keV and annealed at
500°C. The observed sharp lines are well known defect-related lines in Si and not
related to Pr°*.
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Table 5 Summary of porous silicon wafer processing and RBS analysis of samples
discussed in this report.

Porous Al back- Current Current Porosity

Si Sample contact density x (%)
time

Coulomb/

cm?
Wafer Wafer Resistivity Density
Diameter | Thickness (Q-cm) (mA/cm?)
(cm) (nm)

602282 7.5 356-406 no 100 3600

607302 75 356-406 1-10 yes 100 3 3600 10.8 43
608132 75 356-406 1-10 yes 100 3 3600 10.8 56
609092 75 356-406 1-10 yes 100 3 3600 10.8 35
609201 75 356-406 1-10 yes 100 3 3600 10.8 72
607301 10 475-500 1.5-3 yes 400 6 7200 43.2 59
607303 10 475-500 1.5-3 yes 300 4.7 4500 21.2 17
608131 10 475-500 1.5-3 yes 500 79 2700 213 43
608133 10 475-500 1.5-3 yes 200 31 3600 11.2 21
609112 10 475-500 1.5-3 yes 200 3.1 2700 84 13

300 4.7 1800 8.5

* Note that the wafer from run 602282 showed non-uniform red light emission, (i.e., porosity) and the RBS result shown in Table 5 corresponds
to the wafer region with the brightest red PL emission (high porosity).

We have carried out a number of experiments to study the effect of etching current and
time on porosity using 4-inch wafers. The porosities of the 4-inch diameter wafers etched under
different conditions are shown in Figure 39. Figure 40 compares RBS spectra of porous Si
samples 607303 (300 mA, 75 minutes: 21.2 milliCoulomb/cm?®), and 608131 (500 mA,
45 minutes: 21.3 milliCoulomb/cm?) with the spectrum of a Si sample. Both porous Si samples
had Al back contact during etching. The estimated porosities of the samples 607303 and 608131
are 17% and 43%, respectively. This result again clearly shows the irreproducibility of porosity
using identical etching conditions.

4.4.2 Difficulties Involved with Er Implantation Using High-Output Commercial
Implanter

Erbium is one of the difficult elements to implant into a material. It takes a lot of
experience and skills with the particular ion implanter to implant Er successfully. Since we lost
an expert implantation technician in the later part of the program, we have not been able to
implant Er successfully into porous Si. Most commercial ion implanters use a molybdenum arc
chamber. From RBS analysis we learned that our Er-implanted samples were mostly
contaminated with MoCl,. This result can be expected since MoCl, and Er have about the same
molecular and atomic weights, respectively. Furthermore, MoCl, is hydroscopic and can be a
source of other contaminants when the system is routinely vented. The history of implantation
elements in the system is also a critical factor determining the contamination.
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Figure 36

Figure 37
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Comparison of RBS spectra of two porous Si wafers, (a) with and (b) without Al
back contacts etched under identical conditions (100 mA, 60 min). An RBS
spectrum of Si is shown for reference.
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Comparison of RBS spectra of three porous Si wafers etched under identical
conditions (100 mA, 60 min) and Er’*:Si. All three porous Si samples had Al back
contacts during etching.
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Figure 40 Comparison of RBS spectra of porous Si wafers 607303 and 608131. Both
porous Si samples had Al back contact for etching.

In order to avoid this problem we chose to use a graphite arc chamber instead. Erbium-
implanted samples using this graphite arc chamber were contaminated with carbon. An
increased reaction between carbon and chlorine (CCl,) is thought to be responsible for this result.

4.4.2.1 Contamination Control During Er Implantation

Given unlimited time and resources, a number of methods could be used to eliminate the
contamination problem. We discuss these techniques in the following section.

Sputter Source of Er - The advantage in this approach is that there is no Cl, carrier gas
involved to react with system components. On the other hand, this approach has the
disadvantage of having low beam current and a difficult setup.

Different Arc Chamber Materials (Tungsten and Tantalum) - Although in principle it
should work, it has yet to be proven.

Erbium Vaporizer - Erbium compounds such as ErCl; and Er,0; can be thermally
evaporated to create the necessary ions for implantation. In this approach again there is no
chlorine carrier gas involved. Argon could be used as the carrier gas instead.

48




4.4.2.2 Accurate Implantation of Er and Pr for Device Fabrication

It is well-known that impurities affect the optical activation of Er** ions. For example, it
has been reported*™ that oxygen, nitrogen, and fluorine enhance the 1.54 pm Er’" luminescence
in Si. It is equally likely that certain other impurities may optically deactivate the Er’* ions. The
recent batch of erbium-implanted, annealed porous and bulk silicon samples did not show
1.54 pm Er* luminescence. Upon investigating these samples using RBS analysis, we have
observed not only the presence of erbium, but evidence of the presence of trace elements such as
Cl, Ti, and Mo as well. Comparing the RBS spectra of porous Si before and after implantation
suggests that these contaminants were introduced into the samples during implantation.
Therefore, we attribute the absence of 1.54 pm luminescence to these impurities. It should be
noted that the implantation of erbium into semiconductors is inherently difficult, since in ion
implantation we select specific ions based on their mass. Since erbium is heavy and possesses
many isotopes, a large number of contaminants can be found which have the same mass as
erbium. A well-known example is MoCl,. The atomic weight of erbium is about 167; of
molybdenum, about 96; and of chlorine, about 35.5. Another example is TiCl. The atomic
weight of Ti is 48, which gives TiCl a mass of 83.5 (83.5 x 2 =167, the same mass as erbium).
Because of these problems, accurate implantation of erbium becomes not only an engineering
and scientific task, but also an art. In this report, we present our RBS studies to investigate the
contamination problem in Er implantation. We have also implanted much higher doses in order
to increase the RBS detection sensitivity.

Contaminants in Er-implanted Porous Silicon - We have been successful in the past in
implanting erbium without contaminants into Si, porous silicon, and GaN wafers. These samples
have shown strong emission at 1.54 um and the results have been reported in a number of publications
(see Appendix A).

A problem with the erbium implantation process was first suspected when we did not observe
the characteristic 1.54 ym Er’* luminescence emission from the recent batches of our Er*:porous
silicon samples. At first we believed that this problem was most likely related to the porous silicon
fabrication process. A number of different etching techniques were tried and have been discussed in
our previous reports.  Stil, we were unable to achieve strong near-infrared emission.
Figures 41 and 42 show RBS spectra of porous silicon samples implanted with erbium and
praseodymium, respectively. The porous silicon sample in Figure 41 was etched at 500 mA for
45 minutes. Erbium was implanted at 380 keV with a fluence of 10" cm™. The porous silicon sample
in Figure 42 was etched at 100 mA for 60 minutes and the erbium was implanted at 380 keV with a
fluence of 10 cm®. From the RBS results, it is clear that the system is contaminated. In addition to
erbium there appear to be other contaminants such as Ti. Thus, we began precise analysis of the entire
implantation procedure to determine the source of the problem. In order to increase our sensitivity in
detection of contaminants, we have implanted a bulk Si wafer with erbium at 190 keV with a fluence
ranging from 10" to 10" cm®. High doses of erbium are not required for photo- or electrolumines-
cence measurements. However, at very low doses detection of lighter contaminants becomes much
more difficult.
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Figure 41 Near normal incidence RBS spectrum of Er’*:porous Si sample 608131. This
sample was etched at 500 mA for 45 minutes. Erbium was implanted into this
sample at 380 keV with a fluence of 10" cm™.
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Figure 42 Near normal incidence RBS spectrum of Pr’*:porous Si sample 609201. This
sample was etched at 100 mA for 60 minutes. Praseodymium was implanted into
this sample at 190 keV with fluences of 4 x 10" and 6 x 107 cm™.
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Figure 43 shows the RBS spectrum of sample ErSi-2A. Note that Cl and Mo are clearly seen
as impurities in this sample. In fact, considering the scattering cross-section of Er and Mo, the
strength of the Mo peak is comparable to that of Er. Note that the scattering peak from erbium
appears larger because a scattering cross-section of erbium during RBS measurement is proportional
to the mass; i.e., the larger the target atom, the larger the signal. It is clear from this result that
molybdenum chloride is a major source of contamination in our implantation system. In order to
verify the contamination of molybdenum, we increased the fluence to 1.4 x 10" cm® and implanted a
silicon sample (ErSiA) with erbium at 190 keV. Figure 44 shows the RBS spectrum (solid line) of
sample ErSiA. The dashed line represents the simulated spectrum. Note that the Er signal has
increased considerably relative to the Mo and Cl peaks. This observation further suggests that our ion
implantation system is contaminated with Mo and Cl. These impurities might be responsible for the
absence of Er* luminescence from our erbium and praseodymium implanted porous and bulk Si
samples. From simulation, Er, Mo, C, and Cl atoms are found in the top 1000A layer of the sample
with a composition of Si:Er:C:Mo:Cl = 21.5:35.5:21.5:15.0:6.5. The peak concentration of Er in this
layer is approximately 1.8 x 10* cm”.
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Figure 43 Near normal incidence RBS spectrum of Er'*:Si sample ErSi-2A. Erbium was
implanted into this sample at 190 keV with a fluence of 1.2 x 10" cm™.
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Figure 44 Near normal incidence RBS spectrum of Er’*:Si sample ErSi-A. Erbium was
implanted into this sample at 190 keV with a fluence of 1.4 x 10" cm’,

As we have mentioned in the past, most arc chambers for ion implantation are fabricated
from molybdenum. Chlorine, which is used to make the erbium beam, reacts with molybdenum
to form molybdenum chloride, which has the same mass as erbium. Therefore, we decided that it
may be possible to eliminate the source of Mo contamination by replacing the arc chamber. After
considerable effort and time, we have designed, fabricated, and installed a new graphite arc
chamber. Unfortunately, this new arc chamber did not operate as well as we expected, although
the Mo contamination was eliminated. Indeed, the new arc chamber was not very good since
graphite absorbs many contaminants and out-gassing the during implantation process. Typical
RBS results for the samples implanted using the graphite arc chamber are shown in Figure 45.
Figure 45 shows an RBS spectrum of a sample implanted with Er at 380 keV with a fluence of
4.9 x 10" cm™. We identified the presence of Ti and Cl.

The ion implanter at Spire used for implantation of erbium is a research machine. Most
of the problems we have experienced would not occur in a production facility where the
implanter is dedicated only to implantation of erbium. In that particular case, the problems
would be further simplified by using a sputtering technique to produce erbium ions. Sputtering
the erbium would eliminate the need for use of chlorine, thus averting all associated problems.
As far as our results are concerned, most of the problems are inherent in implantation of erbium
using chlorine. Successful implantation of erbium using this technique requires an extremely
experienced and knowledgeable technical person. During the last year, it is unfortunate that
Spire has lost two of its most experienced technicians who have been involved in erbium
implantation.
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Figure 45 Near normal incidence RBS spectrum of Er’*:Si sample Er-Si-1A. Erbium was
implanted into this sample at 380 keV with a fluence of 4.9x10"cm”.

4.4.2.3 Summary

In summary, extensive effort has been carried out to fabricate batches of Er-implanted
porous Si wafers for device fabrication. Wafers implanted with Er and Pr ions have shown very
weak IR emission from their respective rare-earth ions. The problem has been studied and its
source has been identified as the presence of contaminants such as Mo, Ti, Cl, and C. This con-
tamination is due to the masked MoCl, and TiCl which goes undetected during the mass separa-
tion during implantation. Therefore, it is inherently difficult to eliminate these contaminants in
any chlorine-based system. Contaminant elimination can only be achieved indirectly through the
implanter operator. An alternative approach would be the use of a sputter source, which adds
additional cost and reduces the beam, making the process not commercially viable.

4.4.3 Processes for Deliverable Devices

As a final task of this program, we have fabricated two types of electroluminescence (EL)
devices (those operating based on injection-induced luminescence (LEDs) and those operating
based on impact-excited luminescence) for delivery in compliance with our contract. As
mentioned before, reproducing Er-implanted porous Si wafers remains difficult. It should be
noted, as we reported before, that we have not been able to produce Pr beam. Thus, we could not
implant Pr successfully into porous Si. We have prepared Si substrates for fabrication of porous
Si and subsequently for fabrication of two types of (Er-implanted) light-emitting devices (impact
excited and injection-induced) as shown in Table 6.
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4.4.3.1lon Implantation of Si Wafers for Ohmic Contacts and/or P-N Junctions

Substrates for Impact-excited Devices - Boron and aluminum were implanted into the
back of the p-type Si wafers in order to provide a good condition for ohmic back-contacts. The
front side of these wafers were later anodically etched to produce p-type porous Si substrates for
Er-implanted impact-excited devices.

Substrates for Injection-induced Devices - P-N junctions were fabricated using n- and p-
type Si wafers by ion implantation and annealing. All the implanted wafers were later annealed
at 900°C in N, for 30 minutes in order to recrystallize the implanted regions. Phosphorus was
implanted into the back of the n-type wafers in order to make n* layers necessary for deposition
of good ohmic back-contacts. Boron was implanted into the front side of the n-type wafers in
order to form p-n junctions. Similarly, boron was implanted into the back of the p-type Si wafers
in order to make p* layers necessary for the ohmic back-contacts and phosphorus was implanted
into the front side of the wafers in order to form p-n junctions. The front sides of these p-n
structures were subsequently anodically etched to produce Er-implanted p-on-n and n-on-p
porous Si injection-induced luminescent devices.

The p-type layer is easy to etch and does not require UV-light illumination. On the other
hand, UV-light illumination is necessary to generate carriers (holes in particular) to anodically
etch n-type layers. When the UV-illumination was used for the entire duration of etch
(60 minutes), the n-type porous layers began to peel off. Thus, we carried out runs with shorter
periods of UV illumination (about 5 minutes) for the rest of the n-type Si wafers. However, the
total etching time was 60 minutes for the n- and p-type wafers.

4.4.3.2 Etching of Porous Si Wafers with and without N-P Structure

Wafers were anodically etched in a 1:1 HF:ethanol solution using conditions to achieve
red-emitting porous Si. In order to make sure that the anodic etching apparatus was working
properly and to optimize the etching process, we etched some Si dummy samples before etching

~ the device samples. Table 7 shows the sample information and etching conditions for the

samples. The sample SW38-7 was intentionally left unetched. We etched this sample after
implanting with Er and annealing, and compared the results from this sample with other Er-
implanted porous Si samples. A typical room-temperature visible PL spectrum of a p-type
porous Si sample (see Tables 6 and 7) is shown in Figure 46.

4.4.4 Implantation of Erbium into Porous Si Wafers with and without N-P Structures

Table 8 summarizes the Er implantation conditions of the wafers selected for the
deliverable devices. After Er implantation and annealing, wafers were then masked and
patterned using conventional photolithographic techniques. Multilayers of Ti, Pd and Au were
deposited onto the back of the wafers for ohmic contacts by electron-beam evaporation. Because
of the poor lateral conduction of current due to the physical properties of porous silicon, a
gridded contact mask (see Figure 47) was used to deposit ohmic contacts on the front surface in
order to increase the current collection efficiency. Multilayers of Ti, Pd and Au were deposited
onto the front of the wafers for ohmic contacts by electron-beam evaporation. Finally, the excess
metal was removed using a lift-off process. A solid contact tab is provided at one edge for
probing or wire bonding.
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Table 6

SW39-1
n <100>

0.15 Q-cm
3" diameter

Wafer information and ion implantation conditions used to fabricate device
substrates. The wafers were subsequently annealed at 900°C in N, for 30 minutes.

Back Front
Implantation Implantation

lon | Energy | Fluence Beam Angle | lon | Energy | Fluence Beam
(keV) | (10"/cm?) | Current ©) (keV) | (10"*/cm?) | Current

(nA) (nA)
50 20 110-170 15 B* 10
50 10 20

P¢

o o

SW39-2
n <100>
0.15 Q-cm
3" diameter

P* 50 20 110 15 B* 130 10 16-46
30 2 27
50 8 32
50 10 20

[N e oo

SW38-1

p <100>

0.3 Q-cm
4" diameter

Al 100 20 240
Al* 30 10 40
BF, | 100 15 120
BF, 50 15 120

SWa38-2

p <100>

0.3 Q-cm
4" diameter

Al 100 20 380
Al 30 10 45

BF, 100 15 130
BF, 50 15 100

SW38-3

p <100>

0.3 Q-cm
4" diameter

P* 190 0.5 20-55 0
50 0.1 20-55 0

ojv~N~N~NGaNN

B* 30 0.1 1.6

SW38-4

p <100>

0.3 Q-cm
4" diameter

B* 30 0.1 15 0 pP* 190 0.5 20-55 0
50 0.1 20-55 0

SW38-5

p <100>

0.3 Q-cm
4" diameter

B* |. 30 0.1 1.5 0 P* 190 0.5 20-55 0
50 0.1 20-55 0

SW38-6

p <100>

0.3 Q-cm
4" diameter

B* 30 0.1 1.5 0 P* 190 0.5 20-55 0
50 0.1 20-55 0

SW38-7

p <100>

0.3 Q-cm
4" diameter

B* 30 0.1 1.5 0 P* 190 0.5 20-55 0
50 0.1 20-55 0
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Figure 46 A nypical room-temperature visible PL spectrum from p-type porous Si device

wafers (see Tables 6 and 7).

Table 7 Etching conditions used to fabricate porous Si on device wafers.
Sample ID | Device Type Current (mA) | Time (min.) Comments
SW38-A p 100 60 Dummy sample
(1.5-3 Q-cm)
SW3s-B p 100 75 Dummy samplie
(1.5-3 Q-cm)
SW38-A n 100 60 Dummy sample
(0.15 Q-cm) UV lamp ON
SW39-B n 100 60 Dummy sample
(0.15 Q-cm) UV lamp ON
SW39-1 ponn 100 60 UV lamp ON
SW3g-2 ponn 100 60 Not etched
SW38-1 p 100 60 UV lamp OFF
SW38-2 p 100 60 UV tamp OFF
SW38-3 nonp 100 60 1st 3.5 min. UV lamp ON
No back contact wafer
SwW38-4 nonp 100 5 UV lamp ON
200 135 UV lamp OFF
With back contact wafer
SW38-5 nonp 100 60 UV lamp OFF
100 15 1st 5 min. UV lamp ON
SW38-6 nonp 100 60 1st 5 min. UV lamp ON
SW38-7 nonp - - Not etched
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Table 8 Summary of Er-implantation and annealing conditions of wafers used in the
fabrication of deliverable devices.

Type (keV) | (x10" cm?) Current °) condition
(HA)

‘ Device Energy Fluence Beam Angle Annealing

SW38-1 Impact 195 650°C, 1/2 hr, N,
Excitation
SW38-2 Injection 195 2 2.5-11 0 650°C, 1/2 hr, N,
(n-on-p)
SW38-3 Injection 195 2 2.5-11 0 650°C, 1/2 hr, N,
(n-on-p)
SwW38-4 Injection 195 2 2.5-11 0 650°C, 1/2 hr, N,
(n-on-p)
SW38-5 Injection 195 2 2.5-11 0 650°C, 1/2 hr, N,
(n-on-p)
SW38-6 Injection 195 2 2.5-11 0 650°C, 1/2 hr, N,
(n-on-p)
30 u Busbar ) 590 b Spacing
it EEEEE 20 u Gridlines l —’5:730 n
v
I

942069

-
g

1cem »

Figure 47 Dimensions and details of the gridded contact used for the deliverable devices.
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Figure 48 shows a photograph of an actual device. Limitation of time and funding did
not permit us to characterize the deliverable devices. We will characterize both types of devices
through a collaboration with Prof. Uwe Hommerich at Hampton University, Virginia.

Q72021WS

Figure 48 A close up photograph of typical Er:porous Si devices.
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5 SUMMARY AND CONCLUSIONS

We have demonstrated a strong, room-temperature (RT), 1.54 pum emission from erbium-
implanted red-emitting porous silicon. Erbium was implanted into porous Si, bulk Si, and quartz
with a dose of 10"%/cm? at 190 keV and annealed for 30 minutes in N, at temperatures ranging
from 500°C to 900°C under identical conditions. No RT infrared (IR) emission was observed
from Er implanted quartz and silicon (implanted under similar conditions as Er:porous Si) after
annealing at 650°C (although after annealing at 900°C very weak emission was observed from
quartz at 9K). The highest RT emission intensity at 1.54 pm was from Er:porous Si with a peak
Er concentration of 1.5 x 10*/cm® and annealed at 650°C. Even the luminescence intensity from
Er:porous Si annealed at 500°C was 26 times higher than that observed from Er-implanted quartz
at 400 keV and annealed at 900°C. Comparison of results for Er-emission in quartz and Si
suggests that Er is not in SiO, or Si with bulk properties.

The strong Er** emission at 1.54um in Er-implanted porous silicon could be attributed to
quantum and physical confinement of Er'* ions in porous Si nanocrystallites. Erbium doped
wider bandgap host materials have been shown to have strong 1.54 pm Er** emission and very
weak temperature dependency. The red emitting porous Si has a band gap of approximately
2 eV. Therefore our observation of strong Er-emission and weak thermal quenching is consistent
with that reported in the literature. We believe that even non-quantum mechanical confinement
(nanocrystallites with dimensions > 50A) can greatly contribute to enhance the Er’* emission for
the following reasons. The excess carriers in bulk Si.created by the excitation laser light diffuse
away rapidly and have little chance to interact with the implanted erbium because of the large
carrier diffusion coefficient. In contrast, in porous silicon, incident photons (specifically at
shorter wavelengths) are also absorbed near the surface by creation of electron-hole pairs.
However, the physical confinement of Er'* ions in the nanocrystallites of porous Si prevents the
excess carriers from diffusing away from the surface. They are confined by the discrete nature of
the film to stay where they are created, in the vicinity of the implanted Er, until they recombine
and possibly transfer energy to excite the Er’* ion. Therefore, it is not surprising that 1.54 pm PL
emission in Er-doped porous Si is stronger than Er-implanted bulk Si.

We have measured the near infrared and visible PL peak intensities as a function of
excitation wavelengths. These photoluminescence excitation (PLE) studies on the near infrared
and visible PL peaks show nearly identical PLE spectra. These results provide the first direct
experimental evidence that the near IR PL emission in Er:porous Si and the visible PL emission
have the same origin of excitation. In other words, the 1.54 pm PL emission originates from Er**
ions in spatially confined Si nanocrystallites of porous Si. It can be concluded that the strong IR
emission is excited via photogenerated carriers in Er:porous Si. It is again confirming our
conclusion that Er is confined in the nanocrystallites of porous Si.

In another set of experiments, we have shown strong 1.54 pm PL emission even at
temperatures up to 475K from Er-implanted porous silicon. The full width at half maximum of
the 1.54 um PL peak is 34 cm™ at 15K. The observed large broadening of the 1.54 um PL
emission in Er:porous Si, compared with that reported for crystalline Si, 8 cm”, indicates that the
Er* ions occupy a range of sites in porous Si, and that the emission spectrum is
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inhomogeneously broadened. Indeed, this is consistent with the possible differences in the local
environment (crystal field) of Er’* ions due to different grain sizes in the porous layer.

We have also carried out studies to establish correlation between the visible PL emission
from porous Si and the IR emission from Er in porous Si. Porous Si samples that exhibited a
visible PL spectrum with peak near 750 nm before Er implantation resulted in the strongest
1.54 ym emission. After implantation and annealing, porous Si samples which still emit visible
light with peak at 750 nm showed four times stronger Er-emission than those with visible PL
peak near 650 nm regardless of the emission characteristics of porous Si before implantation.
The Er emission in porous Si samples that showed visible PL peak near 650 nm show weaker
thermal quenching (about 60% of the 10K integrated PL intensity at 300K) than those with
visible peak near 750 nm, although the absolute PL intensity of the latter is weaker than the
former.

One explanation for the observed thermal quenching behavior is that Er* centers
associated with deep and shallow defect levels in the bandgaps are present in porous Si with
visible PL peaks near 650 and 750 nm, respectively. Erbium centers associated with deep defect
levels are responsible for the weak thermal quenching of 1.54 um PL, since the energy back
transfer from Er** to the host will be very low up to very high temperatures. On the other hand,
erbium centers associated with shallow defect levels are responsible for the strong thermal
quenching of 1.54 pm PL since the energy back-transfer from Er’* to the host will be very high at
high temperatures. It is possible that in wider bandgap porous Si (PL peak near 650 nm) there
are more deep levels than the shallow levels as compared to the narrower bandgap porous Si (PL
peak near 750 nm).

Our PL study as a function of excitation laser power density shows a square root
relationship. Similar results have been reported for other Er-doped materials and are explained
by a two-channel nonradiative recombination scheme. According to this scheme, the Er center
can bind excitons (electron-hole pairs) which can recombine through Auger recombination or by
transferring energy to the 4f-shell of Er’*. For high pump power intensities Auger recombination
dominates and the Er'" excitation is limited leading to a sublinear (square root) power
dependence. In addition, the analysis of temperature-dependent PL intensity and lifetime
measurements allows us to identify recombination of bound excitons as the most likely excitation
mechanism. The observed thermal quenching is explained by both energy back-transfer and
thermalization of bound electrons.

We have performed temperature-dependent PL as well as PL decay measurements on Er-
implanted porous Si samples up to about 375K. A non-exponential PL decay is observed at all
measured temperatures (15 to 375K) as a result of superposition of a fast and a slow decay with
lifetimes 145us and 1.37 ms, respectively at 10 K. The slow component of the lifetime decreases
to 930 ps at 375K. The temperature dependence of the 1.54 pm PL intensity and lifetime of the
slow decay component are identical below 150K. However, above 150K, PL intensity decreases
faster than the lifetime of the slow decay component. PL intensity at 375K is reduced to 45% of
that observed at 15K, while the slow lifetime is only decreased to 65% of its value at 15K. The
identical temperature quenching behavior between the integrated PL intensity and the slow
lifetime component in the temperature range from 15 to 150K suggests that PL. quenching arises
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from nonradiative processes such as energy back-transfer and multiphonon nonradiative
relaxation. We assume that the main process responsible for PL quenching, in this temperature
range, is back-transfer. The deviation in the temperature dependence of Er’* PL intensity and
lifetime above 150K indicates that an intermediate level such as an Er-related donor level is
involved in the Er’* excitation process. From the analysis of temperature-dependent PL intensity
and lifetime data, we propose an Er-related energy level which is 104 MeV below the conduction
band and the thermal ionization of this level is proposed to be responsible for the thermal
quenching of 1.54 pm emission above 150K. A nonradiative process with a thermal activation
energy of 15.5 MeV is responsible for the slight thermal quenching below 150K. The thermal
quenching of the 1.54 pm emission from Er:porous Si is comparable to the result reported for
Er:3C SiC in the literature.

Based on PL (intensity and weak temperature dependence) studies, Er-implanted porous
Si appears to be a suitable substrate for 1.54 pm emitting device application. However, our
extensive effort to fabricate working Er:porous Si device structures was not successful, mainly
due to lack of reproducibility and uniformity of porous Si substrates. The lack of reproducibility
and nonuniformity of porous Si originates from the randomness of the porous Si etching
process. During the course of this program, we have electrochemically etched a large quantity of
3" and 4" Si wafers under well-defined process conditions. We could hardly reproduce two
porous Si wafers with identical physical appearance one after the other in the same etching
solution. If porous Si should be used as a substrate for devices, one must first develop a process
to fabricate porous Si reproducibly and uniformly. Very often, in our Er-implanted 3" and 4"
porous Si wafers, only a small region showed intense Er luminescence. Although Er’* in porous
Si nanocrystallites shows a weak temperature dependence and strong PL emission intensity, the
electroluminescence is limited by the difficulty to have good electrical contacts to the nano-
crystallites as well as poor electrical conductivity of materials. Indeed, the existence of physical
and quantum confinement nature of porous Si which provided ideal substrate for strong PL
emission from Er has an adverse effect on fabricating EL devices. The question is not only how
to make uniform and reproducible porous Si but also how to make a good electrical contact to
discrete nanocrystallites.
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APPENDIX A
PL RESULTS OF IMPACT-EXCITED AND INJECTION-LUMINESCENCE
Er:POROUS Si DEVICES




PL measurements on the Er:porous Si devices were performed with collaboration from
Professor Uwe Hémmerich (Hampton University, VA). An impact excited device and an
injection luminescence device and a reference sample (65 54-G) were measured. Figure 49 shows
room temperature 1.54 pm PL spectra of (a) Er:porous Si impact excited and injection
luminescence devices and (b) Er:porous Si sample 6554-G. Note that the room-temperature
1.54 um PL intensity of the impact excited devices is about 20 times weaker than that of sample
6554-G.
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Figure 49 Room temperature 1.54 um PL spectra of (a) Er:porous Si impact excited device
and injection luminescence device and (b) Er:porous Si sample 6554-G.
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Er-IMPLANTED POROUS SILICON:
A NOVEL MATERIAL FOR Si-BASED INFRARED LEDs

FEREYDOON NAMAVAR', F. LU and C.H. Perry™ A. Cremins’, N.M. Kalkhoran®, and
J.T. Daly’ and R.A. Soref

* Spire Corporation, One Patriots Park, Bedford, MA 01730-2396
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%% Hanscom AFB, Bedford, MA 01730

ABSTRACT

We have demonstrated a strong, room-temperature, 1.54 pm emission from erbium-
implanted at 190 keV into red-emitting porous silicon. Luminescence data showed that the
intensity of infrared (IR) emission from Er implanted porous Si annealed at < 650°C, was a few
orders of magnitude stronger than Er implanted quartz produced under identical conditions, and
was almost comparable to IR emission from In, 5;Ga, ;;As material which is used for commercial
IR light-emitting diodes (LEDs).

The strong IR emission (much higher than Er in quartz) and the weak temperature
dependency of Er in porous Si, which is similar to Er* in wide-bandgap semiconductors, suggests
that Er is not in SiO, or Si with bulk properties but, may be confined in Si light-emitting
nanostructures. Porous Si is a good substrate for rare earth elements because: 1) a high
concentration of optically active Er** can be obtained by implanting at about 200 keV, 2) porous
Si and bulk Si are transparent to 1.54 pm emission therefore, device fabrication is simplified, and
3) although the external quantum efficiency of visible light from porous Si is compromised
because of self-absorption, it can be used to pump Er*.

INTRODUCTION

During the past three years electroluminescence (EL) from anodically-etched porous Si'
devices has been shown by a number of groups.>* There are positive indications® that EL from
light emitting devices should be possible with the same impressive efficiency levels as the
photoluminescence (PL) observed from porous Si, or the emission from liquid junction porous
Si®. The efficiency of these devices may be increased by improving the quality of the contact
or by applying a technique to achieve a contact with conformal coverage to porous Si. Although
the external quantum efficiency of visible light emission from porous Si devices may be reduced
if a narrow-bandgap semiconductor or metal is used, however, a significant amount of visible
light could be lost due to the self-absorption of the spongy porous Si. This problem can be
resolved if porous Si is used as a medium or as a light source in the IR range. In that case
restrictions on thickness and optical properties of the contact material’ would be reduced, because
IR can exit from the back of the wafer.

Over the last decade, research has focused on the introduction of rare earth elements into
semiconductors.*'® Erbium has attracted the most interest because it exhibits sharp luminescence
at 1.54 pm and because the absorption loss at 1.54 pm is minimum for glass fibers used in
optical communications.
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This communication demonstrates a strong, room-temperature (RT).,_ infrared (I.R) (1_.54 4m)

ission from Er-implanted red-emitting (peaked at 1.9 eV) porous silicon (Er:PSi). Erbium was
-emlamed into porous Si, bulk Si, and quartz with a dose of 10**/cm” at 190 keV and annealed for
ggeninutes in N, at temperatures ranging from 500 °C to 900 °C under identical conditions. No RT
IR emission was observed from Er implanted quartz and silicon after annealing at 650 °C (although
after annealing at 900 °C very weak emission was observed from quartz at 9 K). The highest RT
emission intensity at 1.54 um was from Er:PSi with a peak concentration of 1.5X10%%/cm’ and
annealed at 650 °C. Even the luminescence intensity from Er:PSi annealed at 500 °C was 26 times
higher than that observed from Er-implanted quartz at 400 keV and annealed at 900 °C. A reduction
in photoluminescence (PL) intensity of about a factor of two from Er:PSi over the 9 to 300 K
temperature range was observed which is consistent with Er in wide band gap materials. © 1995

Air Force Base, Massachusetts 01731

American Institute of Physics.

During' the past few years, optically excited visible-light
emission' from electrochemically etched anodized silicon’
has provided researchers with the possibility of fabricating a
visible light-emitting diode (LED) based on porous
silicon.37 In addition, there are indications that the mono-
lithic integration of porous Si into a Si wafer is possible.?
Porous Si LEDs would be very useful as a component in
display panels or in communications in free space; however,
their use in optical communication is limited by fiber attenu-
ation in the visible region. On the other hand, minimum loss
occurs in the 1.5 um range, and emission from erbium
makes it an excellent candidate for optical communication
via glass fibers. The luminescence peak from Er is narrow
and possesses rather good temperature stability because of its
atomic level transitions.

This communication proposes and demonstrates that po-
rous Si is an excellent host for luminescent rare earth ele-
ments. Er implanted into porous Si (Er:PSi) below 200 keV
is a low-cost alternative to MeV implantation into bulk Si.°
Recently there has been a growing interest in Er in bulk
Si.*!% Several papers''~'® indicate that, after introducing
oxygen or other impurities, the light emission of Er-
implanted Si (Er:Si) is enhanced. Extended x-ray absorption
fine-structure (EXAFS) show that an optically active species
is formed in Czochralski-grown Si. The species involves six-
fold bonding of Er to oxygen impurity atoms. However,
when Er is implanted in float-zone Si, which contains little
oxygen, a twelve-fold bonding of Er to Si results, forming an
optically inactive species.'* Co-implantation of oxygen with
Er also results in optical activity.

We assumed porous Si can be an excellent host because
the recovery of damage from implantation into Si nanostruc-
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tures should occur at much lower annealing temperatures
than in bulk Si. Defects such as vacancies or interstitials
created by Er implantation need only travel a relatively small
distance to reach the free surface (sink) as compared to MeV
implantation into bulk Si where defects must travel rather
long distances (several hundred/thousand angstroms) to
reach the sink. Annealing at 900 °C or higher is used to
recrystallize the bulk Si; however, this high temperature
could result in formation of silicides rather than Er with oxy-
gen coordination. In addition, Er in silicon nanostructures
can easily acquire oxygen because

(1) the surface area of the nanostructures is enormous, and
(2) the average distance between the Er and surface oxygen
is on the order of only a few nanometers.

In contrast to Er in bulk Si, Er in porous Si does not precipi-
tate because porous Si consists of free-standing, quantum-
confined structures with distinct physical boundaries. Porous
Si also has a higher band gap (1.8 to 2.0 eV) than bulk Si
(1.1 eV); thus a stronger IR emission and weaker tempera-
ture dependence are expected.!!

We have designed experiments to show that strong RT
IR emission is not from Er in SiO, or Si with bulk properties.
Erbium was implanted at 50, 190, and 400 keV with a dose
of 10"%/cm? into anodically etched porous Si, bulk Si, and
quartz. Annealing was performed in a conventional furnace
in N, for 30 minutes at temperatures ranging from 500 to
900 °C. Er profiling was determined by Rutherford back-
scattering spectroscopy (RBS) measurements using He* at
1.9 MeV.

The IR PL was excited with a Coherent Innova 70 Ar*
laser at 514 nm, and measurements were carried out for laser

© 1995 American Institute of Physics 4813
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This paper explores the challenges faced in developing efficient room tempera-
ture porous Si-based light emitting diodes. We experimentally demonstrate that
porous Si is an excellent host material for erbium ions to emit strong, room
temperature, sharp-line luminescence at 1.54 um. A comparison of photo-
luminescence data for erbium implanted samples of bulk Si, porous Si, and
quartz indicate that quantum confinement likely enhances the erbium IR
luminescence efficiency. Due to the 650 to 850°C annealing, it is unlikely that the
environment of erbium in our samples is amorphous Si.

Key words: 1.54 pm emission, erbium, porous silicon, room temperature
luminescence, Si-based light emitting device

INTRODUCTION

In recent years, attention has focused on the de-
velopment of new materials which would improve the
speed and efficiency of optical information transfer in
computer and communication systems. Through the
rapid progress of integrated circuit technology, Si is
widely recognized as a leading semiconductor mate-
rial. Unfortunately, its indirect bandgap has pre-
vented its use for photonics. Extensive efforts are in
progress toincorporate compound semiconductor light-
emitting diodes (LEDs) and laser diode technologies
into silicon very large scale integrated (VLSI) pro-
cesses by heteroepitaxial growth. However, the most
promising III-V light-emitting compounds, are not
easily processed on silicon substrates due to lattice

(Received March 31, 1995)

and thermal expansion mismatches. Incompatibility
problems generally degrade the performance of III-V
compound LEDs grown on silicon. An alternate ap-
proach involves mounting III-V based devices onto
silicon wafers, but this is costly, time-consuming, and
labor intensive. If a process could be developed to
allow efficient light emission directly from Si, Si-
based optoelectronic devices could be used as an
essential component in optical interconnects for the
next generation of high speed computers and low-cost
information transfer/display systems.

Porous Si Visible LEDs

Duringthe past four years, strong room temperature
visible light emission from anodically etched porous
Sihasbeen demonstrated.! Electroluminescence (EL)
from porous Si devices based on pnjunction or Schottky
contacts has also been shown by a number of groups.2+
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Correlation between visible and infrared (1.54 xm) luminescence
from Er-implanted porous silicon
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A photoluminescence excitation (PLE) study was performed 'osf Er-_i;np]anted porous Si with two
different porosities. Erbium was implanted at a dose of 1X 10" cm™2 at 380 keV and the samples
were annealed for 30 min at temperatures from 650 to 850 °C. We observed tha.t PLE spectra from
Er* at 1.54 um are nearly identical to those from the visible-emitting porous Si layers. Our res.ults
provide the first direct experimental evidence that infrared photoluminesgns:e at 1.54 um arises
from EP* ions in porous Si and that ions are excited through the recombination of excess carriers

spatially confined in Si nanograms. © 1996 American Institute of Physics.

[S0003-6951(96)03139-7]

Er-doped porous silicon (Er:PSi) has recently been at-
tracting attention due to its novel optical properties and po-
tential applications in Si-based optoelectronics. To improve
. the luminescence efficiency of Er-doped bulk Si, erbium has
been introduced into porous silicon either through ion im-
plantation, electrolysis, or spin-on techniques.'™* Due to the
large surface area of porous silicon and the short distance
between Er and surface oxygen,' a high concentration of
optically active Er’* ions has been obtained in this system
through easy acquisition of oxygen, leading to a strong 1.54
Am emission even at room temperature."3 However, the ma-
jor advantage of PSi as a host for Er ions is the weak tem-
perature dependence of Er** emission in this system. The
two-dimensional quantum confinement of carriers in Si nan-
ograins appreciably widens the Si band gap from 1.09 eV to
1.8-2.0 eV*® which significantly reduces the thermal
quenching of EC* luminescence in the infrared.® The Er’*
emission at 1.54 um is quenched only by a factor of less than
2 between 15 K and room temperatv.lre.”'8 which is superior
to other Si-based systems such as polycrystalline and amor-
phous Si(SIPOS), and Er, O coimplanted crystalline Si,
where the EP** emission was found to decrease by factors of
3.3 and 20, respectively.®'® Furthermore, because of the ab-
sence of intermediate states between the °/ 3, and */5p
manifolds, the lifetime of the upper level is as long as 1-1.5
ms.'! which makes population inversion possible. Therefore,
Er implanted/doped porous Si is very promising for a wide
range of devices such as light emitting diodes (LEDs), opti-
cal amplifiers. and lasers.

Despite the amount of research, there are many unan-
swered, questions conceming the location and excitation
mechanisms of erbium ions in porous silicon.'~>7%12 It has
been proposed that efficient Er* excitation results from the
recombination of spatially confined photocarriers in silicon
nanograins near the incorporated Er.!? Previously we re-
ported that the temperature quenching of Er** photolumines-
cence (PL) depends on the porosity of the porous silicon,

*Electronic mail: hommeric@gprc.hamptonu.edu
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which strongly suggests a correlation between Er’* PL and
size of the porous Si nanostructures.®

To date, however, no direct experimental evidence has
shown that the implanted Er ions are located in silicon nan-
ograins or that the Er’* ions are excited through a carrier-
mediated process. In this letter, we present a study of photo-
luminescence excitation (PLE) of both visible and infrared
PL in Er:PSi. Our results clearly show that the infrared PL at
1.54 um arises from Er'* ions in the porous Si layer and that
these ions are excited through the recombination of photo-

carriers confined in the Si nanograins.

The erbium-implanted porous silicon samples were pre-
pared at Spire Corporation. The porous silicon layers of two
samples (A and B) were obtained by anodically etching 3-in.
p-type Si (100) wafers (0.1-1.2 Q cm) in a HF:ethanol (1:1)
solution under constant current conditions (10-100 mA/
cm?) for 1 h. Sample B was etched under a reduced current
density making it less porous than sample A. Erbium was
implanted at a dose of 1X10' ¢cm™2 at 380 keV and an-
nealed in N, at temperatures from 650 to 850 °C for 30 min.
Since the Er-implanted porous Si samples used in this study
were annealed above 600 °C, we believe that epitaxial re-
growth of the implanted layer was completed."'* Therefore,
it is not likely for an amorphous phase to exist in our porous
Si samples ruling out the possibility of Er ions occurring in
an amorphous phase.

For photoluminescence excitation measurements, an op-
tical parametric oscillator (Surelite OPO, Continuum)
pumped by a Q-switched Nd:YAG laser (Surelite II, Con-
tinuum) was used as the excitation source. The PL was dis-
persed with a 1-m monochromator and detected with either a
photomultipler or a liquid-nitrogen cooled Ge detector. The
PLE signal was recorded as the ratio between PL intensity
and excitation power, and included the system response. The
signal was processed by a boxcar average (SR250 Stanford
Research Systems). The sample was cooled on the cold fin-
ger of a two-stage closed-cycle refrigerator capable of reach-
ing a temperature of 12 K.

Figure 1 shows the low-temperature (15 K) visible and

© 1996 American Institute of Physics 1903




A spectroscopic study on the luminescence of Er in porous silicon
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We report a spectroscopic study on the photoluminescence (PL) of erbium implanted into porous
silicon (Er:PSi). Two different porous Si samples were implanted with a dose of 1X 10" Erfcm? at
380 keV and annealed at 650 °C for 30 min under identical conditions. Both samples exhibited
EC* luminescence at 1.54 um, which was quenched by less than a factor of two between 15 K and
room temperature. Visible PL studies of Er implanted and annealed porous Si samples showed
broad spectra which peaked at ~700 nm for sample A and peaked at ~660 nm for sample B.
Sample A showed a four times stronger EC * luminescence than that observed from sample B. In
contrast, temperature quenching of the EX* luminescence was found to be similar or slightly
weaker from sample B than from sample A. The spectroscopic data will be discussed in terms of the
excitation mechanisms of Er* in porous Si nanostructures. © 1996 American Institute of Physics.

[80003-6951(96)01914-9]

In recent years, the optical properties of Er-doped Si
have received a great deal of attention because of the possi-
bility to integrate electronic and optical devices using the

" mature Si technology.! Erbium emission at 1.54 um, arising

from an internal 4f transition 1 lm—v‘l 1sn) of Er* ions, is
or particular interest because it overlaps the minimum loss
region of optical fibers employed in optical communication.
However, for the development of opto-electronic devices
based on Er-doped Si, a high concentration of optically ac-
tive Er ions with strong luminescence at room temperature is
necessary. Previous studies have shown that an enhancement
in luminescence can be achieved by co-implantation of oxy-
gen and erbium into Si substrates.' ™

Recently, 1.54 um photoluminescence (PL) from Er-
implanteds'7 and doped8'9 porous silicon (Er:PSi) has been
observed. The strong Er luminescence suggested a high con-
centration of optically active Er* ions in the inherently
oxygen-rich porous silicon host. It has been proposed that Er
is incorporated into the nanostructures of porous Si®'® and
that the weak temperature quenching of the Er luminescence
is due to the large band gap of porous Si (~1.8-2.0 eV),
similar to Er in wide band-gap III-V semiconductors.""

In this letter we report photoluminescence Spectroscopy
results and properties of two Er: PSi samples with different
porosities and different visible PL energies. Er was im-
planted in both samples under identical conditions. Results
of temperature and power dependence of the Er lumines-
cence will be presented. A comrelation between visible PL
from porous Si and EP"* PL was observed. The data will be
discussed in terms of incorporation and excitation of Er in
porous Si.

Yhommeric@ gpre.hamptonu.edu
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Porous Si was prepared using three-inch p-type Si (100)
wafers (0.1-1.2 Q/cm?). These wafers were anodically
etched in a HF: ethanol (1:1) solution under constant current
conditions (10-100 mA/cm?) for 1 h. Sample A (looked
purple) was less porous than sample B (looked green-yellow)
and was prepared by half the current density. Er was im-
planted into both samples with a dose of 1X 10'5 Er/cm? at
380 keV and annealed at 650 °C for 30 min. Photolumines- -
cence measurements were carried out with an argon ion la-
ser, a 1 m monochromator, and a photomultiplier tube (vis-
ible PL) or a liquid-nitrogen cooled Ge detector (infrared PL)
for light detection. The PL signal was processed by photon
counting or lock-in amplifier technique. In all experiments
cooling was achieved by mounting the sample on the cold
finger of a closed cycle helium refrigerator. Visible PL. was
excited at 488 nm and a laser power of 30 mW. The mono-
chromator was set to a spectral resolution of 0.4 nm. A 515
nm long-pass dielectric filter was placed in front of the en-
trance slit to minimize stray laser light. Infrared PL was ex-
cited at 514.5 nm and a laser power of 100 mW. In the
power-temperature study the sample was irradiated with a
focused excitation beam having a spot size of 1 mm. Power
was varied between 20 and 30 mW. A 850 nm long-pass
filter was placed in front of the entrance slit to avoid higher
order grating scattering. The spectral resolution in the infra-
red PL measurements was 1.6 nm.

Low-temperature (15 K) infrared PL spectra of sample A
and B (after annealing at 650 °C) are shown in Fig. 1. Both
exhibited EP** luminescence at 1.54 um and a weak broad-
band luminescence between 1.0 and 1.4 um, which was
probably due to porous Si.!? The peak at 1.13 um corre-
sponded to intrinsic band-to-band recombination found in

© 1996 American Institute of Physics 1951




Characterization of visible and infrared (1.54 pm) luminescence from Er-doped porous Si
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ABSTRACT

Results of a photoluminescence excitation (PLE) study of Er-implanted porous Si (Er: PSi)
are presented. Erbium was implanted at a dose of 1x10"* Er/cm’ at 380 keV and annealed for 30
minutes at 650°C. We observed a nearly identical PLE intensity behavior from 1.54 pm and
visible-emitting Er: PSi. This observation indicates that both visible and infrared
photoluminescence (PL) arise from carrier mediated processes, and that the 1.54 pm Er'” PL is
related to the porous Si nanostructures. Measurements of the temperature dependence (15-375K)
of Er’” PL intensity and lifetime are also reported.

INTRODUCTION

Er-doped porous silicon has recently attracted significant attention because of its possible
applications in Si-based opto-electronics. Porous silicon emits brightly in the visible wavelength
range due to the quantum confinement of carriers in silicon nanograins [1,2]. Erbium can be
introduced into porous silicon either through ion implantation, electrolysis, or spin-on. In each
case, an intensive 1.54 um Er*~ photoluminescence (PL) is observed at room temperature [3-6].
These results suggests a high concentration of optically active Er3* ions and a weak Er'"" PL
quenching in Er-doped porous Si (Er: PSi). The weak temperature quenching of the Er'* PL has
been explained by the large bandgap of porous Si (~1.8-2.0 eV) [3-7].

The exact excitation mechanism of Er'” in porous silicon and its relation to porous silicon
nanostructures remain unclear. It was proposed that efficient Er'* excitation resulted from the
recombination of spatially-confined photocarriers in silicon nanograins near the incorporated Er
[3-5]. We previously reported that the temperature quenching of Er’” PL depends on the porosity
of porous silicon, which implies a correlation between Er'~ PL and porous Si nanostructures [8].
In this paper, we present a comparison of the photoluminescence excitation (PLE) behavior of
visible and infrared PL in Er: PSi. Our results strongly support that Er3* photoluminescence (PL)
arises from Er** jons located in the nanostructures of porous Si. Additional results of the
temperature dependence of Er'”~ PL intensity and lifetime are also discussed.

SAMPLE AND MEASUREMENT

The erbium implanted porous silicon sample was prepared at Spire Corporation. The porous
silicon was obtained by anodically etching three-inch p-type Si <100> wafers (0.1-1.2 Q cm) in a
HF:ethanol (1:1) solution under constant current conditions (10-100 mA/cm?) for one hour.
Erbium was implanted at a dose of 1x10'5 Er/cm? at 380 keV and annealed in N, at 650°C for 30
minutes.

137
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Abstract

We have investigated the time evolution of the 1.54 pm Er** photoluminescence (PL) intensity of Er-implanted porous
silicon in the temperature range from 15 to 375 K. Er was implanted into porous silicon with a dose of 1 x 1015 Er/cm? at
380 keV and annealed at 605°C for 30 min. Upon optical excitation at 488 nm, erbium ions are excited by photo-
generated carriers and an intense 1.54 um PL is observed at room temperature. We have compared the time evolution of
the “I13/2 = *I; 52 transition of Er** to a double-exponential decay. The analysis suggests the existence of two classes of
Er sites in porous silicon. This is supported by a study of the Er** PL decay time as a function of excitation pulse width.
The characteristic Er*™ lifetimes in the two sites are 145 ps and 1.37 ms, respectively. In the temperature range from 15 to
150 K, the back transfer of energy from the excited erbium level *I, 3, to the host plays the dominant role in the thermal
quenching of the Er®* luminescence. At temperatures above 150 K, the reduction in Er** PL can mainly be ascribed to

thermalization of bound electrons to the conduction band. We have compared the observed Er®* PL intensity with the
result from a theoretical model and a good agreement is obtained.

Keywords: Photoluminescence; Erbium; Porous silicon

1. Introduction

Erbium-doped porous silicon has recently at-
tracted a great interest in view of its potential
applications in opto-electronic devices. The erbium
lons in porous silicon give rise to a strong photo-
luminescence (PL) at 1.54 ym which is quenched by
less than a factor of two between 15 K and room
temperature [1-3]. The small thermal quenching
of the Er** PL intensity is attributed to the large
band-gap of porous silicon (1.8-2.0 eV) [4,5],

* Corresponding author.

which is believed to be due to the quantum confine-
ment effect on the Si band structure [6-8]. The
wavelength of the Er** emission, which arises from
an intra 4f shell transition between the *Iy3/2 and
the *I, 5, levels, coincides with the window of max-
imum transmission for silica-based optical fibers.
The Er** PL lifetime is in the order of milliseconds
because of the absence of intermediate levels bet-
ween the %I,5,, and the *I, ,2 manifolds. Therefore,
porous silicon doped with optically active Er3* is
promising for devices such as amplifiers and lasers.
Moreover, this potential silicon-based light source
would make it possible to incorporate light emit-
ting diodes and laser diode technologies into silicon
very large scale integrated (VLSI) processes.

0022-2313/97/%17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved
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Electroluminescence from erbium and oxygen coimplanted GaN
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Room temperature operation of erbium and oxyge
n-type) diodes is demonstrated. Erbium related elec

n coimplanted GaN m-i-n (metal-insulator—
troluminescence at A=1.54 um was detected

under reverse bias after a postimplant anneal at 800°C for 45 min in flowing NH;. The integrated
light emission intensity showed a linear dependence on applied reverse drive current. © 1996
American Institute of Physics. [S0003-6951(96)04440-3]

Er-doped semiconductors are of great interest for poten-
tial electrically pumped, compact, temperature insensitive,
broadband, continuous wave sources of 1.5 um radiation.’
Room temperature (RT) Ef3 " -related intra-4f shell elec-
troluminescence (EL) at 1.54 um from semiconductor hosts
such as Si,>3 GaAs,” GaP, and SiC°® has been demonstrated.
However, the efficiencies reported to date have been too low
for any practical applications. Historically, the Er’* -related
photoluminescence (PL) intensity from low band gap semi-
conductor hosts, such as Si, (Egp=1.1 1 eV at RT) and GaAs
(Egap=143 eV at RT), has been plagued with severe tem-
perature quenching, often several orders of magnitude when
going from 77 K to RT.” This effect is much less pronounced
in the wider bandgap semiconductor hosts such as CdS
(Egp=242 €V at RT).¥ GaP (E,,=2.26 eV at RT),” and
GaN (Egp= 3.4 eV at RT).9'10 However, a reverse biased
Si:Er.O p-i-n light emitting diode (LED), grown by molecu-
lar beam epitaxy, was recently demonstrated with constant
Er’*-related EL emission intensity from 4 to 300 K. The
external quantum efficiency for this device was 7ex~ 1073,
which is still too low for practical applications.

In this letter, we report promising EL results in GaN:
Er,0. Room temperature Er’*-related EL at 1.54 um from
reverse biased GaN m-i-n diodes is presented. A layer of
n-GaN was grown on an R-plane sapphire (Al,O5) substrate
using chemical vapor deposition. A several-um-thick Zn-
doped insulating GaN layer was then grown on the n layer.
Detailed information on the growth was given by Pankove."'
The insulating GaN layer was ion implanted with 10'
Er2* /cm? at 350 keV. and coimplanted with 10'® 0*/cm? at
80 keV. Codoping with O led to a 20 times increase in the
Er**-related PL, which is consistent with the results pre-
sented by Michel er al."? for Si:Er. A postimplant anneal in a
metalorganic chemical vapor deposition (MOCVD) quartz
reactor at 800 °C for 45 min in flowing NH; was performed
to repair the implantation-induced crystal damage. These im-
plantation and annealing conditions have been shown to pro-
duce optically active GaN:Er,0 films."> Indium contacts

*'Electronic mail: torvik @spot.colorado.edu
bAlso with Astralux. Inc., 2500 Central Ave., Boulder, CO 80301.
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were soldered to the Er- and O-implanted i layer and to the
n layer completing the m-i-n diode structure. A side view
schematic of the GaN:Er,O m-i-n diode structure is shown in
Fig. 1.

The LEDs were dc reverse biased. The emitted light was
collected by a lens (numerical aperture = 0.5) through a 0.32
m single-pass grating monochromator (Instruments SA.
Inc.), with the grating blazed at 1.5 um, and detected by a
thermoelectrically cooled InGaAs photodiode. A bandpass
filter (1515-1600 nm) was used for PL only. The signal was
measured with a lock-in amplifier and recorded using a com-
puter.

The Er concentration profile was measured using Ruth-
erford backscattering spectroscopy (not shown). A buried
Gaussian Er profile with full width at half-maximum
(FWHM) of ~0.1 um, and a peak depth of about 1.5 um
were found. Most of the Er was found to be located within
0.25 um of the sample surface.

A typical I-V curve for the GaN:Er,O m-i-n diodes 1s
shown in Fig. 2. The current in reverse bias is believed to be
due to Fowler—-Nordheim tunneling through a potential bar-
rier created by pinning of the Fermi level at the m—i inter-

face and/or a Schottky barrier and avalanche
Er and O implants Vo
i-GaN ..
n-GaN_":‘ !
AlL,O; —
) (Al
1.54 ym

indium contact “‘
* Ridged topology
v i-GaN:Er, O
High field injection

FIG. 1. A side view schematic of 2 GaN:Er.O implanted m-i-n LED. The
substrate is R-plane sapphire, and the i and n-GaN layers were grown by
CVD. The i-GaN layer was ion implanted with 10'> Er**/cm® at 350 keV,
and coimplanted with 10'® O*/cm” at 80 keV. A postimplant anneal in a
MOCVD quartz reactor at 800°C for 45 min in flowing NH; was performed.
The metal contacts are indium.

© 1996 American Institute of Physics
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Efficient Er-related photo-, cathodo-, and electroluminescence at 1539 nm was detected from Er and
O co-implanted n-type GaN on sapphire substrates. Several combinations of Er and O implants and
postimplant annealing conditions were studied. The Er doses were in the range (0.01-5)X 10"
ionsfcm? and O doses (0.1— 1) X 10'® ions/cm?. GaN films implanted with 2X 10! Er2*/cm? at 350
keV and co-implanted with 10'® O*/cm? at 80 keV yielded the strongest photoluminescence

intensity at 1539 nm. The annealing condition yielding
intensity was a single anneal at 800 °C (45 min) or at 900

the strongest Er-related photoluminescence

°C (30 min) in flowing NH;. The optimum

O:Er ratio was found to be between 5:1 and 10:1. Co-implanting the GaN:Er films with F was also
found to optically activate the Er, with slightly (20%) less photoluminescence intensity at 1539 nm
compared to equivalent GaN:Er,O films. The Er-related luminescence lifetime at 1539 nm was
found to depend on the excitation mechanism. Luminescence lifetimes as long as 2.95%0.15 ms
were measured at 77 K under direct excitation with an InGaAs laser diode at 983 nm. At room
temperature the luminescence lifetimes were 2.35+0.12, 2.15+0.11, and 1.74+0.08 ms using
below-band-gap excitation, above-band-gap excitation, and impact excitation (reverse biased light
emitting diode), respectively. The cross sections for Er in GaN were estimated to be 4.8 X 107%
cm? for direct optical excitation at 983 nm and 4.8%107'% cm? for impact excitation. The
cross-section values are believed to be within a factor of 2-4. © 1997 American Institute of

Physics. [S0021-8979(97)00408-8]

INTRODUCTION

The rare-earth-doped semiconductor is a material system
ith potential optoelectronic applications. An electrically
umped, temperature insensitive, broadband, and compact
ptical amplifier around 1540 nm would be of great interest
)r optical fiber communications. This important wavelength
orresponds to a window of minimum astenuation in silica
ased optical fibers. One of the most promising rare earths is
rbium (Er), which can emit or amplify light at ~1540 nm
shen incorporated into a semiconductor host in its trivalent
:ate. This Er*-related photon emission corresponds to an
itra-4f shell transition originating from the first excited
tate (*I3,) and terminating at the ground state (*/,5p).

The first Er’*-related photoluminescence (PL) at 1540
m from a semiconductor host was observed in 1982 from
;aAs:Er,! while the first demonstration of electrolumines-
ence (EL) from Si:Er light emitting diodes (LEDs) followed
a2 1985.2 Since then, several groups have produced Er-doped
_EDs emitting at 1540 nm using semiconductor hosts such

Electronic mail: torvik@spot.colorado.cdu
‘Also with Astratux, Inc., 2500 Central Ave., Boulder, CO 80301.
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as Si.3* GaAs,> GaP,? SiC,® and GaN.’ Particularly prom-
ising hosts are the wide band-gap semiconductors GaP
(Egap=2.26 €V), (6H)-SiC (Egap=3-02 eV), and GaN
(Egap=3.4 €V) which have shown minimal thermal quench-
ing of the Er**-related luminescence at room temperature.'®
However, rapid advancement of Er-doped semiconductors
has unfortunately been hampered by low solubility of Er,!!
and the difficulty in making the incorporated Er optically
active in semiconductor hosts.'? As a consequence, the quan-
tum efficiencies in the devices made to date have been too
low for any practical applicatiom3'9

As pointed out by other authors,'>! it is necessary for
future device purposes to demonstrate high Er solubility
(probably above 10" Er/cm®), high pumping efficiency, and
high radiative luminescence efficiency (i.e., the PL/EL life-
times must be long).

In this article, we demonstrate high concentrations of Er
in n-type GaN, and efficient luminescence from the Er- and
O-implanted GaN films. Strong Er’*-related PL, EL, and
cathodoluminescence (CL) at 1539 am was observed from
the GaN:Er,O films after thermal anneals. The PL increased
linearly with increasing Er concentration until saturation at

© 1997 American Institute of Physics 6343
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The temperature dependence of the optical excitation cross section of Er implanted n-type GaN was
studied using photoluminescence excitation spectroscopy. Due to the large 3.4 eV band gap of GaN,
it was possible to probe two Er absorption lines using a tunable Ti:sapphire laser in the 770-1010
nm range. Photoluminescence excitation spectra exhibiting several Stark splittings revealed a

complex dependence upon temperature. The largest exci

tation cross section in the third excited state

was 1.65% 10”2 cm? at an excitation wavelength of 809.4 nm when measured at 77 K. This value
is roughly three times larger than the cross section in the second excited state at 4.8X 1072 c¢m?
when pumping at 983.0 nm. The Er-related photoluminescence was reduced between 1.5 and 4.8
times when going from 77 K to room temperature, except when pumping around 998 nm. At this
excitation wavelength the room temperature photoluminescence was Stronger by a factor of 1.26
compared to that at 77 K. © 1997 American Institute of Physics. [S0021-8979(97)00816-5]

I. INTRODUCTION

Fr-doped semiconductors have been extensively studied
during the last decade for potential optoelectronic applica-
tions. An electrically pumped, temperature insensitive,
broadband and compact optical amplifier or source of 1540
nm light is of great interest for optical fiber communications.
Unfortunately, rapid advancement of Er-doped semiconduc-
tors has been hampered by fundamental problems such as the
characteristic thermal quenching of the Er’*-related photolu-
minescence (PL) intensity.1 The luminescence is often
quenched by several orders of magnitude when going from
77 K to room temperature using semiconductor hosts such as
Si and GaAs. The luminescence efficiency at room tempera-
ture can be enhanced using impact excitation? and codoping
with light elements such as O and F.3 However, the thermal
quenching effect is still present, but to a lesser extent.

Wilson et al.# and our group have previously reported on
the temperature dependence of the Er’*-related photo-, and
cathodoluminescence in n-type GaN on sapphire
substrates.>® Using direct optical excitation (below band gap
excitation), indirect optical excitation (above band gap exci-
tation), and impact excitation, the thermal quenching of the
Er’*-related luminescence intensity at 1539 nm was found to
only be partially explained by a reduction in the lumines-
cence lifetime when going from 77 K to room temperature.

In this article, we report on the optical excitation spec-
troscopy for Er in GaN at excitation wavelengths ranging
from 770 to 1010 nm at room temperature and at 77 K. One
advantage with using a wide band gap host such as GaN

(Egsp=3.4€V), is that the large band gap allows for the

3Electronic mail: torvik@spot.colorado.edu
P Also with: Astralux, Inc., 2500 Central Ave., Boulder, CO 80301.
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investigation of several absorption lines which are not avail-
able using smaller band gap hosts such as Si. The tempera-
ture dependence of the Er’*-related PL intensity at 1539 nm
was found to strongly depend upon the excitation wave-
length. At the strongest photoluminescence excitation (PLE)
peaks, namely at 809 and 983 nm, the thermal quenching of
the PL intensity was as large as a factor of 5 when going
from 77 K to room temperature. At other PLE peaks, such as
at 822 nm, the PL intensity was reduced much less over the
same temperature range. In fact, pumping at 998 nm resulted
in a stronger PL intensity at room temperature than at 77 K.
However, the PLE peaks are still much weaker when com-
pared to the PLE peaks at 809 and 983 nm.

Il. EXPERIMENT

The GaN layers used in this study were grown by the
halogen chemical vapor deposition method on R-plane
(1102) sapphire substrates, and is described in detail
elsewhere.” We have previously shown that GaN films
grown on C-plane (0001) sapphire substrates by metalor-
ganic chemical vapor deposition (MOCVD) are also suitable
hosts for Er.® The GaN films were n-type with carrier con-
centration ~10"¥cm™, and a Hall mobility of
~150cm?Vs. The GaN films were implanted with
[Er**]=2x10" ijons/cm? at 350 keV, and coimplanted with
[0*]=10" ions/cm® at 80 keV. The energy of the coim-
planted O was chosen to make the O and Er implantation
spatially overlap. The implantation damage caused by the
bombardment of Er (Z=68) ions, was partially repaired by
high temperature anneals performed at 800 °C for 45 min in
flowing NH;. The anneals took place at atmospheric pressure
in the quartz reactor of a MOCVD system. The NH; was
used to prevent the GaN from decomposing at elevated tem-

© 1997 American Institute of Physics
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ABSTRACT .
A systematic study of photoluminescence (PL) of Er and O ion implanted and annealed n-

type GaN grown on R-plane sapphire (Al;03) was performed. The Er implants ranged from 2 x
10" to 1 x 10" Er""/cm’, and the O co-implants ranged from 10" to 10" O*/cm®. The resulting
nine different combinations of GaN:Er,0 were annealed at 600 °C (4 hrs. in N3), 700 °C (1.5 hrs.
in Ny), 800 °C (0.75 hr. in NH;), and 900 °C (0.5 hr. in NH;). Following each annealing step, the
Er''-related PL at 1.54 pm was measured from each sample at 77K, when pumped directly with ~
135 mW of power at 980 nm. The three samples with the highest dose of Er (1 x 10"* Er**/cm?),
regardless of O co-dopant dose, yielded the strongest PL peak intensity at 1.54 um after all the
anneals. The integrated PL from 1.52 to 1.58 um was reduced by 62 % when going from 77 K to
room temperature (RT).

INTRODUCTION

Rare-earth doped semiconductors have been extensively studied as a potential material
system for use in optical communications. Possible applications include a low power, temperature
insensitive, broad band CW source of IR (1.54 um or 1.3 um) radiation, or lossless Y-junction
splitters for curbside signal processing.

The rare-earth element erbium (Er) has been shown to luminesce at a particularly
important wavelength, approximately A = 1.54 um (0.806 eV) corresponding to an intra 4 f -shell
transition between levels “I;3» and “Lsy, in triply charged Er (E”*") under the influence of a crystal
field from various host semiconductors [1, 2]. At this wavelength there is low loss [3], and no
dispersion [4] in some silica based optical fibers. Er has almost exclusively been used as the
active element in optically pumped fiber (glass) amplifiers and lasers [S]. However, it was found
that the impact excitation cross section for Er in Siis ~ 9 x 10" cm® [6, 7]. This is about 4 - 5
orders of magnitude larger than the optical absorption cross section ~ (4.1 - 7.9) x 10! cm? [8].
Several groups have fabricated RT Er-doped electroluminescent LEDs in Si, GaAs, InP and GaP
operating at 1.54 um [9, 10, 11]. Even so, the quantum efficiencies achieved to date have been
too low for any practical application, in part due to the low solubility of Er, which has been found
to be < 1 x 10" Er ions/cm’ in Si [12].

Another practical problem with Si:Er which must be overcome is the observed thermal
quenching of the Er**-related PL and electroluminescence (EL) at.1.54 um [13]. The PL and EL,
from Si and GaAs have been observed to be quenched between 100 - 1000 times, when going
from 77 K to RT. This figure has been improved upon by co-doping with lighter elements, such
as O and F along with the Er [14,15]. Recently, the EL from a reverse biased (impact excitation)
StEr:O p'n’ LED operating at 1.54 um, was shown to be reduced by only a factor of 4 when
going from 77 K to RT [11].

On the other hand, Favennec et al. suggested the temperature dependent Er**-related PL
intensity at 1.54 pm from semiconductors is correlated to the band gap of the host [13). In hosts
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Er-Doped

Porous Silicon

Spire Corporation, Bedford, Mass.,
has demonstrated strong, room-tem-
perature 1.54-pm emission from
erbium-implanted porous silicon.
Luminescence data show emission 100
to 1000 times stronger than that of Er-
doped quartz — nearly as high as
from InGaAsP material from which
commerdial infrared LEDs are made,
but with a sharper spectral profile.
No infrared emission could be
observed from Er-doped bulk silicon
or germanium-silicon produced under
similar implantation and annealing
conditions. These results indicate that
high luminescence efficiency origi-
nates from erbium being confined in
silicon nanostructures less than 5 nm
in diameter.
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Spire Er-doped porous

Si for IRLEDs
Spire Corp.. Bedford, MA, USA. has
announced "thc first demonstration
of strong, RT 0.154 pm emission from
Er-implanted porous silicon.
"Luminescence data shows that the
intensity of IR emission from Er-
doped porous Si is 100 to 1000 times
stronger than that of Er in quartz,
and is almost at the level of InGaAsP
materiul which is used for commercial
infrured LEDs. No IR emission was
obscrved from Er-doped bulk Si or
GeSi produced under similar implan-
tation and annealing conditions.”
Spirc's results indicate that high
luminescence efficiency originates
from Er being confined in Si nanos-
tructurcs less thun 5 nm in diameter.
Spirc has alrcady fabricated visible
(red to orange) LEDs based on
porous Si which are potentially use-
ful as components in display panels or
in free-spacc communication. How-
ever, its usc for optical communica-
tion is limited by attenuation of
visible light in fibre optics, wherc the
minimal loss occurs in the 1.5 um
range. Standard InGaAsP IR LEDs
have limited usc because of their very
broad emission spectra and their
spectral dependence on power and
temperaturc. On the other hand. the
lumincscence peak from Er in porous
Si is narrow and possesses excellent
temperature stability.
W Contacr: Ferevdvon Namavar, Spire

Corp, tel:fax: [1] (617) 275 6000
7470.
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Spire Reports New Si-Based Infrared LED

The first demonstration of strong, room-temperature 1.54-pm emission from erbium-im-
planted porous silicon has been reported by Spire Corp. of Bedford, Mass. The firm says
that the emission is 100 to 1000 times stronger than that of Er in quartz and almost at
the level of InGaAsP. which is used for commercial IR LEDs. Spire said that no IR emis-
sion was observed from Er-doped bulk St or GeSi produced under similar implantation
and annealing conditions, and that the results indicate that high luminescence efficiency
results from the Er being confined in Si nanostructures less than 5 nm in diameter.
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Spire Corp., Bedford, MA, recently demonstrated a strong room-temperature, 1.54-pm
gmission from erbium-implanted porous silicon. Luminescence data show that the
intensity of IR emission from Er-doped porous Si is 100 to 1000x stronger than that of
Er in quartz and is almost at the level of InGaAsP material used for commercial IR LEDs.
No IR emission was observed from Er-doped bulk Si or GeSi produced under similar implan-
tation and annealing conditions. Spire's results indicate that high luminescence efficien-
- gy originates from Er being confined in Si nanostructures less than & nm in diameter. For

information, contact-F. Namavar, Senior Scientist/Mgr., Advanced Si-Based Technology.,
617/275-6000, fax 617/275-7470.
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Erbium-Implanted Porous Silicon

Researchers at Spire Corporation have
demonstrated strong room temperature
1.54 pm emission from erbium-implant-
ed porous silicon. The intensity of the IR
radiation from Er-doped porous silicon
is 100 to 1000 times stronger than that of -
Er in quartz, and is almost at the level of
the InGaAsP material used for commer-
cial infrared LEDs. No IR emission was
observed from Er-doped bulk silicon or
GeSi produced under similar implanta-
tion and annealing conditions. The re-
sults indicate that the high luminescence
efficiency results from the erbium being
confined in silicon nanostructures less
than 5 nm in diameter. One advantage
of devices based on porous silicon would
be their easy integration with standard
silicon wafer technology.

For more information contact: Ferey-
doon Namavar, Advanced Si-Based
Technology, Spire Corporation, One
Patriots Park, Bedford. MA 01730-
2396, USA. Fax: (+ 49) 617 275 7470.
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*Build it and they will come.” The line from the film, Field of Dreams, has become
a staple in the language. An omniscient voice tells the hero to turn his corn field into
a baseball field and people will come to watch the game. Researchers have long
shared the same paradigm. Invent a better mousetrap end users will beat a path to
your door. Only in the past few years have we learned to talk to potential users to
ensure we're inventing the mousetrap they want and need. That trap might prove a
low-temperature route to harder stainless steel (p. 1) or a degradable coating for

“bioimplants (p. 2). Or it might be a skillful adaptation of an existing technology,

such as the use of plasma to strip solder from circuit boards without CFCs or the
use of water jets to clean asbestos-filled coatings from natural gas pipes. In each
case, the developers understand what users want. Today's paradigm calls for what
major league teams have done for years: selling tickets before the season begins.

Moe e

Editor, ACST

Spire Corp. has developed a technique to boost the intensity of porous silicon
room-temperature infrared (IR) emissions to levels nearly as high as conventional
InGaAsP IR emitters. Compared with InGaAsP, porous silicon has narrower
emission spectra and better temperature stability. Spire has demonstrated strong
1.54-p emissions, a range which transmits clearest in fiber optics used for telecon
munications and computer networks.

Spire achieves high IR emissions by implanting erbium into porous silicon and
annealing. (Treatment of bulk Si and GeSi produced no results.) Implantation take
place in the economical kiloelectron volt (keV) range, rather than the more ex-
pensive megaelectron volt (MeV) range typically used with bulk silicon. The -
process would fit in easily with those used on a conventional silicon wafer manu-

-facturing line.

IR luminescence ranges for Er/Si ranks 100 to 1000 times stronger than Er/
quartz and nearly equal to InGaAsP. But InGaAsP, unlike Er/Si, has a wide IR
spectra that varies with both temperature and power. Er/Si's emission efficiencies
result from confining Er to Si nanostructures <5-nm dia.

Details: Feredoon Namavar, Manager, Advanced Si-Based Technology, Spire
Corp., 1 Patriot Park, Bedford, MA 01730-2396. Phone: 617-275-6000, ext. 286.
Fax: 617-275-7470.
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Spire Si-based LED

Spire Corp has demonstrated srong,
room-temperature 1.54 pm emission
from Er implanted porous Si. Lumi-
nescence data show that the intensity
of IR emission from Er-doped porous
Si is 100 to 1000 times stronger than’
that of Er in quartz, and is almost at
the level of inGaAsP material which
is used for commercial infrared
LEDs. No IR emission was observed
from Er-doped bulk Si or GeSi
produced under similar implantation
and annealing conditions. Spire’s
results indicate that high lumines-
cence efficiency originates from Er
being confined in Si nanostructures
fess than 5 nm in diameter.
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POROUS SILICON

Erbium-doped porous
silicon emits at 1.54 pym

Optically pumped porous silicon
mplanted with trivalent erbium ions
Er’*) generates visible output from the
silicon and luminescence at 1540 nm
rom the Er** ions. The bandgap proper-
ies of the porous-silicon host reduce
.hermal quenching of the Er** lumines-
sence to a factor of two for a tempera-
ure range from 15 K to room tempera-
ure. In contrast, thermal quenching of
r3* emission from other doped-silicon-
rased hosts such as polycrystalline and
imorphous—or crystalline—silicon re-
1uces output by factors of 3.3 and 20,
‘espectively.

With good performance over a broad
emperature range and a long upper-
evel lifetime, the doped porous-silicon
naterial has considerable potential for
ptoelectronic components such as
ight-emitting diodes, lasers, and optical
:mplifiers, but researchers have not
learly understood the excitation mech-
.nism. Now photoluminescence excita-
ion (PLE) studies by Uwe Hommerich
nd his group at the Research Center for
Jptical Physics at Hampton University
Hampton, VA) and collaborators at
ppire Corp. (Bedford, MA) have shown
nat the Er3* excitation is driven by exci-
ation of the silicon host, which offers a
nethod for controlling Er** emission
ffidency.!
hotoluminescence excitation studies
ed by F. Namavar, scientists at Spire
‘repared porous-silicon hosts by etch-
1g p-type silicon wafers in a solution
ontaining hydrofluoric acid and
thanol under constant-current condi-
ons, using two different current densi-
es to create one high-porosity sample

ELECTRO-0OPTICS,

and one low-porosity sample. Both
hosts were implanted with Er** at a con-
centration of 1 x 10" cm-2, then
annealed in a nitrogen atmosphere at
850°C; by annealing above 600°C, the
researchers ensured epitaxial regrowth
of the implanted layer, making the exis-
tence of an amorphous phase in the
samples unlikely.

A Nd:YAG-pumped optical paramet-
ric oscillator (Continuum, Santa Clara,
CA) excited the samples with pulsed

Excitstion wavelength (nm)

Photoluminescence excitation studies of Er3*
implanted porous silicon show strong correla-
tion between the excitation spectrum of visible
luminescence from the silicon {top) and
infrared luminescence from the Er3* (bottom),
indicating that the ions are excited by recombi-
nation of excess carriers spatially confined in
silicon nanograins.

output at wavelengths from 400 to
600 nm. The cold finger of a two-stage,
closed-cycle refrigerator cooled the
samples to 15 K.
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A FPENNWRLL FUR

AND OPTOELECTRONICS.

er I'ocus

Spectra from the two samples
showed a broad visible luminescence
from the silicon and a sharp infrared
wavelength luminescence centered at
1540 nm from the Er®* ions. The peak of
the visible luminescence shifts from 640
nm in the first sample to 750 nm for the
second sample, caused by bandgap-
widening in the more porous material.
Excitation performed at 400, 450, 500,
and 550 nm successively showed that
the silicon-based photoluminescence
spectra are essentially independent of
pump wavelength.

To draw a correlation between
porous silicon carrier activity and Er>*
output, the researchers examined excita-
tion spectra of the visible luminescence
amplitude at 750 nm and Er>* lumines-
cence at 1540 nm. For excitation wave-
lengths varying continuously from 400
to 650 nm, the plots of the Er** lumines-
cence are essentially the same as those
for the silicon luminescence (see figure
on p. 42). The excitation of the implant-
ed Er3* jons follows the generation of
photocarriers in the porous silicon. .

This experimental evidence led the
researchers to conclude that the IR lumi-
nescence arises from Er** ions located in
porous-silicon nanograins and that pho-
togenerated electrical carriers confined in
the nanograins excite the jons into lumi-
nescence. The bandgap of porous silicon
can be thus controlled by the porosity, an
effect that can be used to control the effi-
ciency of the Er3* emission.

Kristin Lewotsky
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